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ABSTRACT	  	  Silicon	  photonics	  built	  on	  a	  silicon-­‐on-­‐insulator	  (SOI)	  platform	  has	  received	  much	  attention	   in	   recent	   years	   due	   to	   its	   compatibility	   with	   complementary	   metal-­‐oxide-­‐semiconductor	   (CMOS)	   technology,	   which	  makes	   the	  mass	   production	   of	  photonics	  devices	  cost-­‐effective.	  The	  intrinsic	  high-­‐index	  contrast	  property	  of	  SOI	  allows	   for	   photonics	   with	   very	   small	   footprint,	   which	   is	   highly	   desirable	   for	  system	   integration.	   However,	   this	   property	   results	   in	   high	   polarization	  dependence	   for	   silicon	   photonic	   devices.	   To	   solve	   this	   problem,	   polarization	  diversity	  circuits	  have	  been	  proposed	  in	  the	  literature.	  In	  this	  thesis,	  four	  different	  types	  of	  novel	  polarization	  diversity	  devices	  were	  explored	   and	   demonstrated	   on	   a	   220	   nm	   SOI	   platform.	   The	   thesis	   contributes	  significantly	   to	   further	   improving	   the	   polarization	   transparency	   of	   silicon	  photonic	   circuits.	   This	   will	   enhance	   the	   viability	   of	   silicon	   photonics	   for	  commercialization.	  First,	   a	   novel	   polarization	   splitter-­‐rotator	   based	   on	   a	   double-­‐etched	  directional	  coupler	  was	  demonstrated	  on	  a	  220	  nm	  SOI	  platform	  using	  a	  248	  nm	  deep	  ultraviolet	  lithography.	  The	  polarization	  splitter-­‐rotator	  has	  a	  very	  compact	  footprint	  (with	  a	  device	  length	  of	  27	  µm).	  In	  addition,	  the	  fabricated	  polarization	  splitter-­‐rotator	  yields	  a	  TM-­‐to-­‐TE	  polarization	  conversion	  loss	  better	  than	  0.5	  dB	  and	  TE	  insertion	  loss	  better	  than	  0.3	  dB,	  with	  an	  ultra-­‐low	  crosstalk	  (-­‐	  20	  dB)	  in	  the	  wavelength	  regime	  1540-­‐1570	  nm.	  	  Second,	  a	  novel	  polarization	  splitter-­‐rotator	  based	  on	  a	  Mach-­‐Zehnder	  mode	  converter	   was	   demonstrated	   on	   a	   220	   nm	   SOI	   platform	   using	   a	   248	   nm	   deep	  ultraviolet	  lithography.	  To	  the	  best	  of	  our	  knowledge,	  this	  is	  the	  first	  polarization	  splitter-­‐rotator	  that	  is	  designed	  for	  the	  O-­‐band	  on	  a	  SOI	  platform.	  The	  fabricated	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polarization	  splitter-­‐rotator	  yields	  a	  polarization	  conversion	  loss	  better	  than	  2	  dB	  and	  TE	  insertion	  loss	  better	  than	  0.5	  dB,	  with	  an	  ultra-­‐low	  crosstalk	  (-­‐	  20	  dB)	  in	  the	  wavelength	  regime	  1290-­‐1330	  nm.	  	  Third,	  a	  bi-­‐wavelength	  polarization	  splitter-­‐rotator,	  which	  operates	  at	  both	  O-­‐band	  and	  C-­‐band,	  was	  demonstrated	  on	  a	  220	  nm	  SOI	  platform	  using	  a	  248	  nm	  deep	  ultraviolet	  lithography.	  To	  the	  best	  of	  our	  knowledge,	  this	  is	  the	  world’s	  first	  work	   that	   proposed	   and	   discussed	   the	   design	   of	   a	   bi-­‐wavelength	   polarization	  splitter-­‐rotator.	   Our	   proposed	   polarization	   splitter-­‐rotator	   has	   a	   simulated	  insertion	   loss	   of	   0.9	   dB	   at	   1310	   nm	   and	   1	   dB	   at	   1550	   nm.	   We	   believe	   that	  combining	  this	  bi-­‐wavelength	  polarization	  splitter-­‐rotator	  with	  a	  wideband	  edge	  coupler	  to	  offer	  a	  high-­‐efficiency	  edge-­‐coupling-­‐based	  light	  duplexing	  solution.	  	  	  	  	  	  	  	  Last	  but	  not	  least,	  a	  polarization	  rotator	  was	  demonstrated	  on	  a	  220	  nm	  SOI	  platform.	  The	  rotator	  has	  a	  compact	  footprint	  (with	  a	  device	  length	  of	  15.3	  µm),	  a	  simulated	   polarization	   conversion	   loss	   lower	   than	   0.2	   dB	   and	   a	   polarization	  extinction	  ratio	  larger	  than	  25	  dB	  over	  a	  wavelength	  range	  of	  80	  nm	  around	  1550	  nm.	  This	  was	   the	   first	   time	   that	  evolutionary	  optimization	  method,	   like	  particle	  swarm	   optimization	   method,	   had	   been	   used	   into	   the	   design	   of	   polarization	  rotator.	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1.1 Silicon	  photonics	  for	  on-­‐chip	  optical	  interconnects	  	  	  The	   continuing	   scaling	   of	   transistors	   has	   significantly	   boosted	   the	   processing	  power	   of	   computers.	   Consequently,	  microprocessors	   have	   evolved	   from	   single-­‐core	  architectures	  to	  present	  day	  multi-­‐core	  architectures.	   It	   is	  expected	  that	   in	  the	  near	  future,	  microprocessors	  will	  incorporate	  hundreds	  or	  even	  thousands	  of	  cores	  [1].	  	  In	  order	  to	  fully	  leverage	  multi-­‐core	  computing	  power,	  there	  is	  a	  need	  to	   offer	   an	   inter-­‐core	   communication	   technology	   so	   that	   data	   and	   control	  messages	   could	   be	   exchanged	   among	   cores	   efficiently.	   However,	   traditional	  interconnects	   using	   metal	   wires	   for	   on-­‐chip	   communication	   cannot	   keep	   pace	  with	  the	  growth	  of	  this	  need,	  and	  are	  becoming	  the	  bottleneck	  of	  the	  system	  [2,	  3].	  Traditional	  metal	  interconnects	  cannot	  meet	  the	  bandwidth,	  power	  consumption	  and	   latency	   requirements	   of	   future	   on-­‐chip	   communication.	   A	   recent	   on-­‐chip	  electrical	  network,	  designed	  for	  an	  80-­‐core	  interconnection	  [4]	  and	  fabricated	  in	  a	  65	  nm	  technology	  and	  operated	  at	  5	  GHz,	  consumed	  28%	  of	  the	  total	  operating	  power	  [1].	  This	  clearly	  limits	  the	  power	  budget	  for	  the	  microprocessor.	  Also,	  this	  on-­‐chip	  electrical	  network	  introduced	  a	  five-­‐clock	  cycle	  latency,	  which	  limits	  the	  throughput	  of	  the	  system	  [4].	  	  Silicon	  photonics	  has	  been	  proposed	  as	  a	  very	  promising	  technology	  for	  next-­‐generation	  on-­‐chip	  communication	  for	  a	  number	  of	  reasons:	  First,	   the	   high	   index-­‐contrast	   between	   the	   silicon	   core	   and	   the	   cladding	  material	  (SiO2,	  air,	  etc.)	  allows	  the	  design	  of	  very	  compact	  photonic	  systems.	  This	  is	  a	  very	  important	  aspect	  since	  the	  real	  estate	  of	  the	  on-­‐chip	  system	  is	  one	  of	  the	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biggest	  concerns.	  The	  optical	  mode	  can	  be	  mostly	  confined	  in	  the	  silicon	  core	  and	  allows	  very	  tight	  bends	  with	  sub-­‐micrometer	  radii	  [5,	  6].	  Currently,	  most	  silicon	  photonic	   components,	   including	  modulators,	   detectors,	   switches	   and	   almost	   all	  the	  passive	  components	  (Y-­‐junctions,	  crossings,	  etc.),	  are	  in	  the	  range	  of	  few	  tens	  of	  micrometers	  [7-­‐13],	  which	  is	  more	  than	  one	  order	  of	  magnitude	  smaller	  than	  silica-­‐based	  devices	  that	  are	  widely	  used	  in	  telecommunication	  networks	  [14].	  	  Second,	   with	   the	   dramatic	   scaling	   in	   size,	   the	   power	   consumption	   of	   the	  silicon	   photonic	   devices	   is	   also	   significantly	   reduced.	   For	   instance,	   the	   first	  generation	  100	  Gbps	  C	  Form	  Factor	  Pluggable	   (CFP	  –	  a	   standardized	  pluggable	  transceiver	  that	  supports	  100	  Gbps	  Ethernet)	  transceivers	  consume	  20-­‐24	  watts,	  but	  a	  silicon	  photonic	  solution	  can	  be	  less	  than	  3.5	  watts.	  Not	  only	  is	  this	  far	  less	  than	  100	  Gbps	  solutions,	  silicon	  is	  also	  70%	  less	  than	  10	  Gbps	  solutions	  [15].	  Third,	  silicon	  photonics	  could	  provide	  a	  wide	  variety	  of	  optical	  functionalities.	  A	   huge	   advantage	   of	   optical	   communication	   is	   the	   ability	   to	   provide	   parallel	  channels	   over	   the	   same	   optical	   fiber	   using	   different	  wavelengths	   of	   light.	  With	  wavelength-­‐division	   multiplexing	   technology,	   tens	   of	   or	   even	   hundreds	   of	  channels	  could	  be	  transmitted	  using	  a	  single	  strand	  of	  optical	  fiber.	  Fiber	  is	  cheap	  compared	   to	   copper	   cables.	   Basically,	   the	   components	   in	   silicon	   photonic	  interconnects	  mimic	   those	   found	   in	   traditional	  wavelength-­‐division	  multiplexed	  optical	   communications	   systems	   [1].	   The	   typical	   link	   is	   composed	   of	   a	   light	  source,	   modulators,	   multiplexers,	   de-­‐multiplexers,	   detectors	   and	   waveguides	  with	   attendant	   routing.	   Except	   for	   the	   light	   source,	   all	   the	   other	   components	  mentioned	   above	   have	   been	   demonstrated	   on	   a	   silicon-­‐on-­‐insulator	   platform.	  Hybrid	   lasers	   incorporating	   III-­‐V	   quantum	   wells	   onto	   silicon	   have	   been	  demonstrated	  in	  literature	  [16].	  Other	  gain	  media	  such	  as	  erbium	  and	  germanium	  have	   also	   been	   widely	   explored	   [17,	   18].	   Modulators	   such	   as	   those	   based	   on	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microring	   resonators	   and	   Mach-­‐Zehnder	   modulators	   have	   been	   reported	   with	  the	   highest	   speed	   up	   to	   50	   Gbps	   [19,	   20].	   Photodetectors	   based	   on	   various	  materials	  such	  as	  germanium	  [10,	  21],	  silicide	  [22],	  or	   III-­‐V	  materials	   [23]	  have	  been	   shown	   in	   the	   literature	   as	   well.	   Passive	   components,	   including	   switching	  and	   routing	   networks	   [13,	   24],	   polarization-­‐diversity	   devices	   [25],	   Y-­‐junctions	  [11],	  waveguide	  crossings	  [12,	  26],	  and	  etc.	  have	  also	  been	  demonstrated	  in	  the	  literature.	  Last	  but	  not	  least,	  silicon	  photonics	  could	  be	  fabricated	  using	  complementary	  metal-­‐oxide-­‐semiconductor	   (CMOS)-­‐compatible	  processes	   and	  has	   the	  potential	  to	   be	   integrated	   on	   the	   same	   chip	   as	   the	   microelectronics.	   This	   offers	   a	   great	  advantage	   compared	   with	   other	   hybrid	   processes	   or	   chip-­‐to-­‐chip	   bonding	  schemes,	  and	  can	  reduce	  the	  packaging	  complexity	  as	  well	  as	  improve	  the	  system	  performance	  [27].	  More	   importantly,	  by	   leveraging	  the	  mature	  microelectronics	  manufacture	   infrastructure	  and	  process,	   the	  cost	  of	   the	  silicon	  photonic	  circuits	  could	   be	   extremely	   reduced.	   There	   is	   lots	   of	   on-­‐going	   research	   towards	   a	   full	  integration	  of	  both	  photonic	  and	  electronic	  circuits	  on	  a	  single	  chip	  [28-­‐30].	  It	  is	  worth	  mentioning	  that	  there	  are	  already	  commercial	  products	  that	  integrate	  both	  active	  silicon	  photonic	  components	  and	  silicon	  electrical	  driving	  circuits	  [30].	  
	  
1.2	  Polarization-­‐diversity	  devices	  for	  silicon	  photonic	  
integrated	  circuits	  
	  Polarization-­‐diversity	  devices,	  including	  polarization	  rotators,	  polarization	  beam	  splitters,	  polarization	  splitter-­‐rotators,	  and	  polarization	  controllers	  and	  so	  on	  and	  so	  forth	  are	  very	  useful	  for	  many	  applications.	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First,	   polarization-­‐diversity	   components	   could	   be	   used	   to	   eliminate	   the	  polarization	   sensitivity	   (or	   polarization	   dependence)	   of	   photonic	   integrated	  circuits,	   which	   are	   based	   on	   silicon-­‐on-­‐insulator	   waveguides.	   Due	   to	   the	   high	  index-­‐contrast	  between	  the	  silicon	  core	  and	  the	  cladding	  (SiO2	  or	  air),	  silicon-­‐on-­‐insulator	  waveguides	  usually	  have	  a	  very	  large	  birefringence.	  For	  the	  silicon-­‐on-­‐insulator	  ridge	  waveguides,	   the	  birefringence	   is	  on	   the	  order	  of	  10-­‐3-­‐10-­‐5,	  while	  the	   birefringence	   of	   silicon-­‐on-­‐insulator	   nanowire	   could	   be	   several	   orders	   of	  magnitude	   higher	   [31].	   This	   birefringence	   introduces	   significant	   polarization	  dependence	  to	  silicon-­‐on-­‐insulator	  photonic	   integrated	  circuits	   [32].	  For	   typical	  fiber	  optical	  communication	  applications,	  the	  light	  coupled	  from	  an	  optical	  fiber	  usually	   has	   a	   random	   polarization	   state.	   Because	   in	  most	   cases,	   we	   use	   single	  mode	   fibers,	   not	  polarization-­‐maintaining	   fibers,	   and	   single	  mode	   fibers	  do	  not	  maintain	  polarization	  states.	  Consequently,	   the	  uncertainty	  of	  polarization	  state	  will	   degrade	   the	   signal-­‐to-­‐noise	   ratio	   after	   the	   light	   goes	   through	   polarization-­‐sensitive	   photonic	   integrated	   circuits.	   Therefore,	   polarization-­‐insensitive	  photonic	  integrated	  circuits	  are	  highly	  desired.	  It	   is	   usually	   very	   hard	   to	   achieve	   non-­‐birefringent	   silicon-­‐on-­‐insulator	  nanowires	   experimentally	   using	   the	   conventional	   way,	   which	   is	   to	   design	   the	  dimensions	  of	  the	  nanowire	  such	  that	  the	  refractive	  indices	  of	  the	  TE	  mode	  and	  TM	  mode	  are	   exactly	   the	   same	   [32].	  The	   reason	   is	   that	  optical	   lithography	  will	  introduce	   a	   very	   large	   uncertainty	   in	   the	   dimensions,	   and	   this	   will	   break	   the	  above	  condition	  easily.	  The	  general	  principle	  to	  eliminate	  polarization	  sensitivity	  is	   the	   so-­‐called	   polarization	   transparent	   circuits	   [33],	   which	   is	   described	   as	  follows:	  a	  polarization	  beam	  splitter	   first	  separates	  the	   input	   light.	  Then,	  one	  of	  the	   polarized	   beams	   (usually	   the	   TM	   mode)	   is	   converted	   into	   the	   orthogonal	  mode	   (TE	   mode)	   with	   a	   polarization	   rotator,	   and	   the	   other	   polarized	   beam	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remains	   the	   same.	   After	   that,	   the	   two	   beams	   with	   the	   same	   polarization	   state	  (both	  of	  them	  are	  TE	  mode	  now)	  enter	  two	  identical	  photonic	  integrated	  circuits	  separately.	   Then,	   one	   of	   the	   two	   outputs	   is	   converted	   back	   to	   its	   original	  polarization	  state	  (TM	  mode)	  using	  a	  second	  polarization	  rotator.	  Finally,	  the	  two	  beams	  are	  combined	  with	  a	  polarization	  beam	  combiner.	  As	  can	  be	  seen	  from	  the	  above	   description,	   polarization-­‐diversity	   components	   play	   an	   important	   role	   in	  implementing	  polarization-­‐insensitive	  circuits.	  Second,	   polarization-­‐diversity	   components	   could	   be	   used	   to	   implement	  polarization-­‐division	   multiplexing	   technology	   to	   double	   the	   transmission	  capability	   of	   an	   optical	   link.	   In	   order	   to	   extend	   the	   capacity	   of	   an	   optical	  transmission	  link,	  various	  kinds	  of	  multiplexing	  technologies	  have	  been	  exploited,	  including	   wavelength-­‐division	   multiplexing,	   polarization-­‐division	   multiplexing,	  phase-­‐division	   multiplexing,	   and	   mode-­‐division	   multiplexing.	   Among	   all	   these	  multiplexing	  technologies,	  polarization-­‐division	  multiplexing	  is	  considered	  to	  be	  a	  suitable	  and	  cost-­‐effective	  way	  to	  double	  the	  capacity	  for	  photonic	  network-­‐on-­‐chip,	   because	   planar	   optical	   waveguides	   could	   maintain	   the	   polarization	   state,	  which	   is	   crucial	   to	   the	   success	   of	   polarization-­‐division	   multiplexing	   [34].	   In	  addition,	  polarization-­‐division	  multiplexing	  could	  work	  in	  conjunction	  with	  many	  other	  multiplexing	   schemes	   like	  mode-­‐division	  multiplexing	   [35,	   36]	   to	   further	  expand	  the	  transmission	  capability	  of	  an	  optical	  link.	  Last	  but	  not	   least,	  polarization-­‐diversity	  components	  could	  be	  used	   in	  many	  other	   applications.	   For	   example,	   polarization-­‐diversity	   components	   have	   been	  used	   for	   long-­‐haul	   coherent	   optical	   communications	   [37].	  More	   recently,	   in	   the	  area	   of	   quantum	   optics,	   polarization-­‐diversity	   component	   based	   polarization-­‐handling	  technology	  has	  been	  proven	  to	  be	  very	  useful	  [38],	  too.	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1.3	  Focus	  and	  contributions	  of	  this	  dissertation	  
	  This	   thesis	   is	   comprised	   of	   four	   different	   polarization-­‐diversified	   devices,	  including	   a	   polarization	   splitter-­‐rotator	   based	   on	   a	   double-­‐etched	   directional	  coupler,	  a	  polarization	  splitter-­‐rotator	  based	  on	  a	  Mach-­‐Zehnder	  mode	  converter,	  a	   bi-­‐wavelength	   polarization	   splitter-­‐rotator	   and	   an	   ultra-­‐compact	   polarization	  rotator	  optimized	  using	  particle	  swarm	  optimization.	  All	  of	  these	  four	  devices	  are	  based	  on	  the	  works	  that	  I	  have	  done	  during	  the	  past	  year	  and	  a	  half.	  And	  the	  first	  two	  of	  them	  have	  been	  fabricated	  using	  Optoelectronic	  Systems	  In	  Silicon	  (OpSIS)	  Multi-­‐Project	  Wafer	  (MPW)	  Shuttle	  runs	  [39].	  The	  last	  two	  are	  simulation	  works,	  which	  have	  not	  got	  a	  chance	  to	  fabricate.	  All	  in	  all,	  these	  works	  have	  contributed	  three	  peer-­‐reviewed	  journal	  papers	  [40-­‐42]	  and	  form	  the	  core	  of	  my	  project.	  The	  title	   of	   my	   project	   is	   “Novel	   polarization-­‐diversified	   devices	   and	   circuits	   on	   a	  silicon-­‐on-­‐insulator	   platform”	   and	   I	   would	   like	   to	   take	   advantage	   of	   this	  opportunity	   to	   summarize	   and	   introduce	   the	   works	   that	   I	   have	   done	   in	   this	  project.	  	  
(a) Polarization	   splitter-­‐rotator	   based	   on	   a	   double-­‐etched	   directional	  
coupler	  
	  Using	   a	   double-­‐etched	   directional	   coupler,	   we	   demonstrate	   a	   highly	   efficient	  polarization	   splitter-­‐rotator,	  which	   is	   fabricated	   using	   248	   nm	   deep	   ultraviolet	  lithography	  on	  a	  silicon-­‐on-­‐insulator	  substrate.	  	  The	  polarization	  splitter-­‐rotator	  has	   a	   very	   compact	   footprint	   (with	   a	   device	   length	   of	   27	   µm).	   In	   addition,	   the	  fabricated	  polarization	  splitter-­‐rotator	  yields	  a	  TM-­‐to-­‐TE	  polarization	  conversion	  loss	  better	  than	  0.5	  dB	  and	  TE	  insertion	  loss	  better	  than	  0.3	  dB,	  with	  an	  ultra-­‐low	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crosstalk	  (-­‐	  20	  dB)	  in	  the	  wavelength	  regime	  1540-­‐1570	  nm.	  In	  chapter	  2,	  we	  first	  discuss	   the	  motivation	  and	   the	  design	  of	   the	  novel	  polarization	   splitter-­‐rotator.	  We	   then	   present	   the	   simulation,	   fabrication,	   and	   the	   testing	   results	   of	   the	  polarization	   splitter-­‐rotator.	   At	   the	   end	   we	   discuss	   the	   fabrication	   tolerance,	  showing	   that	   this	   device	   is	   potentially	   suitable	   for	   industrial	   application.	   This	  research	  work	  has	  been	  published	  in	  [40].	  
	  
(b) Polarization	  splitter-­‐rotator	  based	  on	  a	  Mach-­‐Zehnder	  mode	  converter	  
	  Using	   a	   248	   nm	   deep	   ultraviolet	   lithography,	   we	   demonstrate	   the	   first	  polarization	  splitter-­‐rotator	  at	  1310	  nm	  built	  on	  a	  silicon-­‐on-­‐insulator	  platform.	  The	  polarization	  splitter-­‐rotator	  is	  constructed	  with	  a	  directional	  coupler,	  which	  works	   as	   a	   polarization	   beam	   splitter,	   a	   bi-­‐level	   taper	  mode	   converter,	   and	   an	  asymmetric	   Mach-­‐Zehnder	   mode	   converter.	   In	   addition,	   the	   fabricated	  polarization	  splitter-­‐rotator	  yields	  a	  polarization	  conversion	  loss	  better	  than	  2	  dB	  and	  TE	  insertion	  loss	  better	  than	  0.5	  dB,	  with	  an	  ultra-­‐low	  crosstalk	  (-­‐	  20	  dB)	  in	  the	   wavelength	   regime	   1290-­‐1330	   nm.	   In	   chapter	   3,	   we	   first	   discuss	   the	  motivation	  and	  the	  design	  of	  the	  polarization	  splitter-­‐rotator.	  We	  then	  elaborate	  on	   the	   simulation,	   fabrication,	   and	   testing	   results	   of	   the	   polarization	   splitter-­‐rotator.	   At	   the	   end	   we	   discuss	   the	   fabrication	   tolerance	   (robustness)	   of	   this	  device.	  This	  research	  work	  has	  been	  published	  in	  [41].	  
	  
(c) Bi-­‐wavelength	  polarization	  splitter-­‐rotator	  
	  In	  chapter	  4,	  we	  present	  the	  design	  of	  a	  polarization	  splitter-­‐rotator	  that	  operates	  at	  both	  1310	  nm	  and	  1550	  nm.	  Our	  proposed	  polarization	  splitter-­‐rotator	  has	  a	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simulated	  insertion	  loss	  of	  0.9	  dB	  at	  1310	  nm	  and	  1	  dB	  at	  1550	  nm.	  In	  this	  part,	  we	  will	  mainly	  discuss	   the	  design	  methodology	  of	   a	  bi-­‐wavelength	  polarization	  splitter-­‐rotator	   by	   utilizing	   a	   structure	   comprising	   a	   bi-­‐level	   taper	   and	   an	  asymmetric	  directional	  coupler.	  At	  the	  end	  we	  discuss	  the	  potential	  of	  combining	  this	  bi-­‐wavelength	  polarization	  splitter-­‐rotator	  with	  a	  wideband	  edge	  coupler	  to	  offer	  a	  high-­‐efficiency	  edge-­‐coupling-­‐based	  light	  duplexing	  solution.	  	  
	  
(d) Ultra-­‐compact	  and	  high-­‐efficiency	  polarization	  rotator	  
	  We	  proposed	  a	  polarization	  rotator,	  which	  has	  a	  compact	  footprint	  (with	  a	  device	  length	   of	   15.3	   µm),	   a	   simulated	  polarization	   conversion	   loss	   lower	   than	  0.2	   dB	  and	  a	  polarization	  extinction	  ratio	  larger	  than	  25	  dB	  over	  a	  wavelength	  range	  of	  80	   nm	   around	   1550	   nm.	   We	   will	   mainly	   discuss	   the	   optimization	   using	   the	  particle	  swarm	  optimization	  method.	  And	  we	  also	  discuss	  the	  design	  of	  an	  ultra-­‐short	   bi-­‐level	   mode	   converter	   and	   a	   bent-­‐taper-­‐shaped	   mode	   converter.	   This	  research	  work	  has	  been	  published	  in	  [42]	  and	  will	  be	  described	  in	  chapter	  5.	  	  
1.4	  Organization	  of	  this	  Dissertation	  
	  This	   report	   is	   organized	   as	   follows.	   The	   first	   chapter	   gives	   an	   introduction,	  followed	   by	   an	   overview	   of	   the	   focus	   and	   significant	   contributions	   of	   this	  research	   work.	   Subsequently,	   we	   elaborate	   on	   the	   completed	   research	   work,	  which	   is	   outlined	   earlier	   in	   section	   1.3,	   in	   chapter	   2	   to	   chapter	   5.	   Finally,	   in	  chapter	  6,	  we	  summarize	  and	  conclude	  all	  the	  major	  contributions	  of	  this	  thesis	  as	  well	  as	  suggesting	  research	  directions	  for	  our	  future	  work.	  	   	  
   9  
CHAPTER	  2	  
POLARIZATION	  SPLITTER-­‐ROTATOR	  BASED	  ON	  A	  DOUBLE-­‐
ETCHED	  DIRECTIONAL	  COUPLER	  
	  As	  we	  discussed	   in	   chapter	  1,	   silicon	  photonics	  has	   received	  much	   attention	   in	  the	  last	  decade.	  The	  main	  reason	  is	  that	  it	  can	  be	  fabricated	  in	  a	  complementary	  metal-­‐oxide-­‐semiconductor	   (CMOS)	   process,	   which	   can	   leverage	   the	   existing	  manufacturing	  infrastructure	  in	  support	  of	  low	  cost	  photonic	  integration	  [43-­‐44].	  One	  of	   the	  main	  characteristics	  of	   the	  silicon-­‐on-­‐insulator	  process	  based	  silicon	  photonic	  system	  is	  the	  high	  refractive	  index	  contrast	  between	  the	  silicon	  core	  and	  the	  cladding.	  This	  property	  is	  highly	  desirable	  because	  the	  mode	  of	  light	  is	  mainly	  confined	  in	  the	  waveguide	  and	  this	  could	  make	  photonic	  devices	  extremely	  small	  [45-­‐46].	   However,	   this	   property	   leads	   to	   some	   problems	   too.	   One	   of	   the	  main	  problems	   is	   that	   it	   causes	   severe	   polarization	   dependence,	   which	   means	   that	  most	   photonic	   devices	   built	   on	   silicon-­‐on-­‐insulator	   platform	  may	  work	  well	   in	  one	   particular	   polarization	   state,	   but	   could	   experience	   obvious	   performance	  degradation	  in	  the	  orthogonal	  polarization	  state.	  	  To	  address	   this	  problem,	  one	  most	  commonly	  adopted	  way	   is	   to	   implement	  polarization-­‐diversity	  circuits	  [47-­‐49]	  to	  separate	  the	  random	  polarization	  state	  into	  two	  orthogonal	  polarization	  states	  when	  light	  is	  coupled	  from	  optical	  fibers	  into	  the	  chips.	  There	  are	  mainly	  two	  kinds	  of	  devices,	  which	  can	  cater	  to	  this	  need	  [50].	   One	   category	   is	   based	   on	   two-­‐dimensional	   grating	   couplers	   [51]	   (or	   so-­‐called	  polarization	  splitter	  grating	  couplers),	  and	  the	  other	  category	  is	  based	  on	  polarization	   splitter-­‐rotators	   [52-­‐53].	   We	   will	   only	   look	   into	   the	   polarization	  splitter-­‐rotators	  in	  this	  thesis.	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In	  this	  chapter,	  we	  demonstrate	  a	  novel	  polarization	  splitter-­‐rotator,	  which	  is	  based	   on	   a	   double-­‐etched	   directional	   coupler.	   The	   device	   has	   a	   very	   compact	  footprint	   (27	   µm	   in	   length),	   and	   used	   silicon	   dioxide	   as	   a	   symmetric	   cladding.	  More	   importantly,	   this	  device	  has	  a	  0.3	  dB	  TE-­‐to-­‐TE	   insertion	   loss	  and	  a	  0.5	  dB	  TM-­‐to-­‐TE	   polarization	   conversion	   loss	   over	   a	   bandwidth	   of	   30	   nm	   centered	   at	  1550	  nm.	  	  	  
2.1	  Basics	  of	  polarization	  splitter-­‐rotator	  
	  The	  functionality	  of	  a	  polarization	  splitter-­‐rotator	  is	  to	  separate	  two	  orthogonal	  polarization	  states	  and	  then	  rotate	  one	  polarization	  state	  into	  the	  other.	  Thus,	  at	  the	  two	  outputs	  of	  the	  polarization	  splitter-­‐rotator,	  you	  will	  have	  only	  one	  fixed	  polarization	  state,	  not	  a	  random	  polarization	  state,	  which	  could	  be	  considered	  as	  a	   mixture	   of	   two	   orthogonal	   polarization	   states.	   This	   is	   a	   very	   important	   step	  before	  letting	  the	  light	  goes	  through	  the	  subsequent	  photonic	  integrated	  circuits,	  because	  most	  photonics	  devices	  that	  are	  built	  on	  a	  silicon-­‐on-­‐insulator	  platform	  have	  very	  large	  polarization	  dependent	  losses.	  There	   are	  various	  kinds	  of	  polarization	   splitter-­‐rotators.	   In	   this	   chapter,	  we	  will	  mainly	  focus	  on	  coupling-­‐based	  polarization	  splitter-­‐rotators,	  and	  in	  chapter	  3,	   we	   will	   discuss	   another	  mode-­‐evolution-­‐based	   polarization	   splitter-­‐rotators.	  Polarization	   splitter-­‐rotators	   based	   on	   symmetrical	   directional	   couplers	   have	  been	  demonstrated	  in	  the	  literature	  [50,	  54,	  55].	  However,	  these	  demonstrations	  are	  not	  ideal,	  because	  they	  are	  patterned	  using	  electron	  beam	  lithography	  (EBL)	  with	   air	   as	   top	   cladding.	   Although	   this	   lack	   of	   top	   cladding	   could	   break	   the	  vertical	   symmetry	   of	   the	   silicon	   core	   and	  make	   polarization	   rotation	   easier	   to	  achieve,	  this	  raises	  another	  problem	  -­‐	   it	   is	  not	  compatible	  with	  metal	  back-­‐end-­‐
   11  
of-­‐line	   process.	   In	   order	   to	  make	   polarization	   splitter-­‐rotators	   compatible	  with	  complementary	   metal-­‐oxide-­‐semiconductor	   process,	   we	   have	   to	   use	   a	   silicon	  dioxide	   as	   a	   top	   cladding,	   not	   air.	   Polarization	   rotators	   using	   silicon	  dioxide	   as	  cladding	  were	  recently	  proposed	  in	  the	  literature	  [56-­‐57]	  on	  a	  220	  nm	  silicon-­‐on-­‐insulator	   platform	   using	   a	   193	   nm	   deep	   ultraviolet	   lithography.	   However,	   the	  worst-­‐case	  insertion	  loss	  of	  the	  proposed	  device	  is	  still	  very	  high	  (2.5	  dB).	  	  
2.2	  Design	  of	  polarization	  splitter-­‐rotator	  based	  on	  a	  double-­‐
etched	  directional	  coupler	  	  The	   schematic	   of	   our	   proposed	   polarization	   splitter-­‐rotator	   is	   shown	   in	   Figure	  2.1.	   There	   are	   several	   key	   parameters	   that	   require	   special	   attention.	   First,	   this	  device	   is	   fabricated	   on	   a	   220	   nm	   silicon-­‐on-­‐insulator	   platform.	   Thus,	   the	   top	  silicon	  thickness	  H1	  =	  220	  nm	  and	  a	  partially-­‐etched	  silicon	  thickness	  H2	  =	  90	  nm.	  Width	   parameters	   (W1,	  W2,	  W3,	   and	  Wg)	   are	   also	   very	   important	   because	   they	  define	   the	   cross	   section	  shape	  of	   the	  double-­‐etched	  directional	   coupler.	  Finally,	  we	   should	   pay	   attention	   to	   the	   length	   parameter	   L5,	   because	   it	   controls	   the	  coupling	  length.	  In	  order	  to	  make	  this	  polarization	  splitter-­‐rotator	  work,	  we	  need	  to	  make	  sure	  two	  things.	  The	  first	  thing	  is	  that	  we	  need	  to	  make	  sure	  that	  the	  refractive	  index	  of	  the	  TM0	  mode	  in	  the	  ridge	  waveguide	  is	  close	  enough	  to	  the	  refractive	  index	  of	  the	  TE0	  mode	   in	   the	  double-­‐etched	  waveguide.	  The	   second	   thing	   is	  we	  need	   to	  make	  sure	   the	  refractive	   index	  of	   the	  TE0	  mode	   in	   the	  ridge	  waveguide	   is	  quite	  different	  to	  the	  refractive	  index	  of	  the	  TE0	  mode	  in	  the	  double-­‐etched	  waveguide.	  The	  working	  principle	  of	  this	  device	  is	  described	  as	  follows.	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Both	   the	   TE0	   mode	   and	   the	   TM0	   mode	   will	   be	   launched	   into	   the	   ridge	  waveguide	  on	   the	  bottom	   left	   in	  Figure	  2.1.	   In	   case	  of	   inputting	  TM0	  mode,	   the	  light	  will	  be	  gradually	  coupled	  to	  the	  double-­‐etched	  waveguide	  as	  it	  propagates	  in	  the	  ridge	  waveguide.	  And	  more	  importantly,	  the	  TM0	  mode	  will	  be	  converted	  into	  the	  TE0	  mode	  and	  come	  out	  from	  the	  cross	  port.	  In	  order	  to	  achieve	  an	  efficient	  cross-­‐polarization	  coupling,	  we	  need	  to	  use	  a	  double-­‐etched	  waveguide	  to	  break	  the	  symmetry	  of	  the	  surrounding	  [50,	  56-­‐59].	  On	  the	  other	  hand,	  if	  we	  input	  TE0	  mode	   into	   the	   input	   port,	   the	   light	   will	   keep	   propagating	   along	   the	   ridge	  waveguide	  and	  comes	  out	  from	  the	  through	  port.	  	  
 
Figure	  2.1.	  Schematic	  structure	  of	  the	  proposed	  PSR	  with	  significant	  geometric	  parameters	  noted.	  
 After	  optimization,	  we	  fixed	  the	  values	  of	  the	  parameters:	  W1	  =	  480	  nm,	  W2	  =	  190	  nm,	  W3	  =	  200	  nm,	  Wg	  =	  200	  nm,	  L1	  =5	  µm,	  L2=	  19	  µm,	  L3	  =3	  µm,	  L4=1	  µm,	  L5	  =	  21	  µm.	  The	  device	  could	  be	  seen	  as	  three	  sections.	  The	  first	  section	  is	  the	  input	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section.	  A	  bend	  is	  introduced	  in	  the	  double-­‐etched	  waveguide	  side,	  which	  is	  used	  to	  make	  an	  adiabatic	  transition	  of	  the	  refractive	  index	  and	  therefore	  minimize	  the	  backscattering.	  The	  second	  section	  is	  the	  coupling	  section,	  where	  the	  input	  TM0	  mode	  will	  be	  completely	  coupled	  to	  the	  other	  side.	  The	  last	  section	  is	  the	  output	  section.	  A	  bend	  is	  connected	  on	  the	  ridge	  waveguide	  side,	  which	  is	  used	  to	  isolate	  these	  two	  waveguides	  and	  prevent	  further	  coupling	  at	  the	  through	  port.	  And	  the	  double-­‐etched	   stair-­‐shaped	   waveguide	   is	   gradually	   converted	   to	   a	   ridge	  waveguide	  at	  the	  cross	  port.	  	  
 
Figure	  2.2.	  Effective	  indices	  at	  the	  coupling	  section	  vs.	  wavelength.	  
 
 As	  can	  be	  seen	  from	  Figure	  2.2,	  the	  effective	  indices	  of	  this	  directional	  coupler	  system	  met	   the	   two	   requirements	   that	  we	   discussed	   above.	   First,	   the	   effective	  index	  of	  the	  TM0	  mode	  in	  the	  ridge	  waveguide	  is	  very	  close	  to	  the	  effective	  index	  of	  the	  TE0	  mode	  in	  the	  double-­‐etched	  waveguide.	  This	  ensures	  that	  there	  will	  be	  a	  very	   strong	  cross-­‐polarization	  coupling	   for	   the	  TM0	  mode.	   Second,	   the	  effective	  index	  of	  the	  TE0	  mode	  in	  the	  ridge	  waveguide	  differs	  from	  the	  effective	  index	  of	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the	  TE0	  mode	   in	   the	  double-­‐etched	  waveguide	  so	  as	   to	  avoid	  coupling	  between	  these	  two	  modes.	  	  To	  verify	  the	  behavior	  of	   this	  device,	  we	  performed	  three	  dimensional	   finite	  difference	  time	  domain	  	  (3D	  FDTD)	  simulation	  using	  Lumerical’s	  FDTD	  solutions.	  As	  we	  can	  see	  from	  Figure	  2.3(a),	  when	  launching	  TE0	  at	  the	  input	  port,	  the	  light	  will	  propagate	  along	  the	  ridge	  waveguide	  and	  comes	  out	   from	  the	  through	  port	  completely.	  On	  the	  contrary,	  as	  can	  be	  seen	  from	  Figure	  2.3(b),	  when	  launching	  TM0	   mode	   from	   the	   input	   port,	   the	   light	   will	   couple	   to	   the	   double-­‐etched	  waveguide	  and	  comes	  out	  from	  the	  cross	  port	  as	  TE0	  mode.	  	  	  
 
 
Figure	   2.3.	   Simulation	   results	   for	   the	   intensity	   of	   light	  when	   launching	   (a)	   TE	  mode	  and	  (b)	  TM	  mode	  as	  the	  input.	  	  	  	  	   To	   further	   illustrate	   the	  TM0-­‐to-­‐TE0	  mode	   coupling-­‐and-­‐conversion	  process,	  we	  have	  shown	   the	   total	   electric	   field	  distribution	  at	  different	   cross	   sections	   in	  Figure	   2.4	   (The	   locations	   of	   the	   four	   cross	   sections	   are	   shown	   in	   Figure	   2.1,	  accordingly).	   As	   we	   can	   see	   from	   cross	   section	   (I),	   the	   mode	   power	   is	   mostly	  carried	   by	   the	   TM0	  mode	   in	   the	   left	   ridge	  waveguide,	   before	   entering	   into	   the	  coupling	   section.	   But	   it	   is	   also	   obvious	   that	   some	   optical	   power	   has	   started	   to	  transfer	   to	   the	   double-­‐etched	  waveguide	   in	   the	   right-­‐hand	   side.	   At	   section	   (II),	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which	  is	  at	  the	  end	  of	  the	  coupling	  section,	  most	  optical	  power	  has	  been	  coupled	  to	  the	  double-­‐etched	  waveguide	  in	  the	  right-­‐hand	  side.	  At	  section	  (III),	  due	  to	  the	  bend	   at	   the	   output	   section,	   the	   two	  waveguides	   are	   separated	   further,	   and	   the	  optical	  power	  is	  mostly	  carried	  by	  the	  double-­‐etched	  waveguide.	  At	  section	  (IV),	  where	  there	  is	  no	  more	  ridge	  waveguide	  in	  the	  left,	  the	  double-­‐etched	  waveguide	  has	   adiabatically	   converted	   into	   a	   ridge	  waveguide.	  As	  we	   can	   see	  very	   clearly,	  now	  the	  output	  power	  at	  the	  cross	  port	  is	  purely	  TE0	  mode.	  
 
Figure	  2.4.	  Total	  electric	  field	  amplitude	  (|E|)	  profile	  as	  the	  input	  TM0	  field	  travels	  through	  the	  PSR	  
	  
2.3	  Fabrication	  of	  the	  polarization	  splitter-­‐rotator	  with	  the	  
calibration	  structures.	  
	  This	  device	  is	  fabricated	  on	  an	  8-­‐inch	  SOI	  wafer	  using	  Optoelectronic	  Systems	  In	  Silicon	  (OpSIS)	  Multi-­‐Project	  Wafer	  (MPW)	  Shuttle	  runs.	  	  








Figure	  2.5.	  	  Process	  flow	  (a)	  starting	  on	  a	  220	  nm	  SOI	  wafer,	  PECVD	  hard	  mask	  (b)	  lithography	  step	  1,	  etch	  depth	  =	  60	  nm	  (c)	  lithography	  step	  2,	  etch	  depth	  =	  70	  nm	  (d)	  lithography	  step	  3,	  etch	  depth	  =	  90	  nm	  (e)	  strip	  photoresist	  and	  hard	  mask	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The	  wafer	  is	  a	  220	  nm	  thick	  silicon	  film	  on	  top	  of	  a	  2	  µm	  thick	  buried	  oxide	  layer	   (BOX).	   The	   fabrication	   process	   flow	   is	   shown	   in	   Figure	   2.5.	   Three	  masks	  were	   used	   to	   pattern	   the	   polarization	   splitter-­‐rotator	   and	   also	   the	   grating	  couplers,	  which	  are	  used	  to	  test	  the	  devices.	  The	  first	  mark	  defined	  the	  220	  nm	  height	   silicon.	   And	   the	   second	  mask	   defined	   the	   160	   nm	   thick	   partially-­‐etched	  silicon	   layer,	  which	   is	  used	   for	   the	  grating	   teeth.	  And	   the	   third	  mask	   is	  used	   to	  define	   the	   90	   nm	   thick	   partially-­‐etched	   silicon	   layer.	   Finally,	   the	   un-­‐patterned	  areas	  were	  fully	  etched	  to	  the	  BOX.	  And	  a	  silicon	  oxide	  layer	  is	  then	  deposited	  on	  top	  of	  the	  silicon	  devices,	  which	  is	  not	  shown	  in	  Figure	  2.5.	  
	  
 
Figure	  2.6.	  Optical	  micrograph	  of	  the	  fabricated	  devices	  (a)	  polarization	  splitter-­‐rotator	  with	  two	  calibration	  structures	  (b)	  magnified	  polarization	  splitter-­‐rotator	  
	   Figure	  2.6(a)	   shows	   the	   fabricated	  polarization	   splitter-­‐rotator	  with	  TE	   and	  TM	  grating	  couplers.	  The	  two	  calibrations	  structures	  are	  used	  to	  extract	  the	  loss	  and	   crosstalk.	   Both	   structures	   have	   three	   ports	   and	   use	   the	   center	   port	   as	   the	  input.	  The	  lower	  structure	  measures	  the	  response	  when	  inputting	  TM.	  Similarly,	  the	  upper	  structure	  measures	  the	  response	  when	  inputting	  TE.	  It	  should	  be	  noted	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that	  while	  the	  types	  of	  grating	  couplers	  used	  in	  these	  two	  calibration	  structures	  are	   different,	   the	   polarization	   splitter-­‐rotators	   are	   designed	   to	   be	   identical.	  Figure	   2.6(b)	   shows	   a	   zoom-­‐in	   picture	   of	   the	   polarization	   splitter-­‐rotator.	  Although	   Figure	   2.6(b)	   is	   blurry,	  we	   can	   still	   tell	   the	   ridge	  waveguide	   (yellow)	  from	  the	  double-­‐etched	  waveguide	  (green)	  from	  this	  optical	  picture.	  
	  
2.4	  Measurement	  and	  results	  	  This	  polarization	  splitter-­‐rotator	  is	  characterized	  on	  a	  wafer	  scale	  test	  setup.	  The	  light	   is	   first	  generated	   from	  a	   tunable	   laser	  centered	  at	  1550	  nm	  and	  then	  goes	  through	   a	   polarization	   controller.	   After	   that,	   the	   light	   was	   coupled	   into	   the	  grating	  couplers,	  which	  are	  highly	  polarization	  dependent	  [60].	  	  	  
	  
 
Figure	  2.7.	  	  Spectral	  response	  of	  the	  TE	  and	  TM	  grating	  coupler	  loops.	  	   The	  periodicities	  of	  the	  TE	  grating	  coupler	  and	  TM	  grating	  coupler	  is	  0.63	  µm	  with	  a	  65%	  duty	  cycle	  and	  0.93	  µm	  with	  a	  76%	  duty	  cycle,	  respectively.	  As	  shown	  in	  Figure	  2.7,	   the	  peak	  coupling	  efficiency	  of	   the	  grating	  couplers	  are	   located	  at	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1547	  nm.	  More	  importantly,	  the	  spectral	  responses	  of	  both	  grating	  couplers	  are	  close	  to	  each	  other,	  with	  a	  maximum	  deviation	  of	  0.3	  dB.	  	  	  
 (a)	  	  
 (b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   
Figure	   2.8.	  Measured	   and	   simulated	   spectra	   of	   the	   PSR	  with	   input	   and	   output	  grating	  loss	  normalized	  showing	  (a)	  conversion	  loss	  and	  (b)	  crosstalk.	  
	   To	   get	   the	   TM-­‐to-­‐TE	   polarization	   conversion	   loss	   and	   also	   the	   TE	   insertion	  loss,	  we	  need	  to	  subtract	  the	  losses	  caused	  by	  the	  grating	  couplers.	  Figure	  2.8(a)	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shows	   the	   simulated	   and	  measured	   TM-­‐to-­‐TE	   polarization	   conversion	   loss	   and	  also	   the	   TE	   insertion	   loss.	   It	   can	   be	   seen	   that	   the	   polarization	   splitter-­‐rotator	  shows	   a	   measured	   polarization	   conversion	   loss	   better	   than	   0.5	   dB	   and	   a	   TE	  insertion	   loss	   better	   than	   0.3	   dB	   in	   the	   wavelength	   regime	   1540	   –	   1570	   nm.	  Figure	   2.8(b)	   shows	   the	   polarization	   crosstalk	   at	   two	   output	   ports.	   For	   both	  polarization	  states,	  the	  crosstalk	  is	  below	  –	  20	  dB,	  which	  meets	  the	  requirements	  for	  most	  applications.	  In	  addition,	  we	  can	  see	  that	  the	  simulated	  results	  and	  the	  measured	  results	  match	  well.	  	  
	  
2.5	  Fabrication	  tolerance	  analysis	  
	  To	  investigate	  the	  fabrication	  tolerance	  of	  this	  device,	  we	  have	  selected	  five	  key	  geometry	  parameters	  and	  varied	  them	  within	  +/-­‐	  10	  nm.	  As	  can	  be	  seen	  in	  Figure	  2.9,	   the	   proposed	   polarization	   splitter-­‐rotator	   exhibits	   a	   very	   good	   fabrication	  tolerance	   to	   W1,	   W3,	   and	   Wg.	   The	   polarization	   conversion	   efficiency	   does	   not	  experience	  any	  obvious	  changes	  with	  respect	  to	  the	  change	  of	  these	  parameters.	  However,	  it	  worth	  noting	  that	  this	  device	  is	  sensitive	  to	  the	  deviation	  of	  W2	  and	  H2,	  even	  though	  the	  excess	  losses	  remain	  relatively	  modest	  for	  a	  deviation	  of	  W2	  as	  large	  as	  10	  nm.	  The	  main	  reason	  is	  that	  both	  W2	  and	  H2	  are	  key	  parameters	  to	  control	   the	   effective	   index	  of	   the	  TE0	  mode	   in	   the	  double-­‐etched	  waveguide.	   In	  order	  to	  maintain	  high	  polarization	  conversion	  efficiency,	  we	  have	  to	  make	  sure	  that	  the	  effective	  index	  of	  the	  TE0	  mode	  in	  the	  double-­‐etched	  waveguide	  are	  close	  to	   that	   of	   the	   TM0	   mode	   in	   the	   ridge	   waveguide.	   Thus,	   W2	   and	   H2	   are	   two	  extremely	   important	   parameters	   for	   the	   success	   of	   this	   device.	   Overall,	   this	  device	   is	   sensitive	   to	   fabrication	   tolerance,	   and	   may	   encounter	   problems	   for	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massive	  production.	  However,	  the	  problem	  could	  be	  mitigated	  if	  we	  can	  make	  a	  precise	  control	  of	  the	  fabrication	  variations.	  
	  
 
Figure	  2.9.	  Polarization	  conversion	  loss	  vs.	  geometry	  parameter	  variation.	  (the	  red	  dots	  represent	  the	  simulated	  polarization	  conversion	  losses,	  and	  the	  blue	  curves	  represent	  the	  fits	  from	  these	  dots)	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CHAPTER	  3	  
POLARIZATION	  SPLITTER-­‐ROTATOR	  WITH	  A	  MACH-­‐ZEHNDER-­‐
BASED	  MODE	  CONVERTER	  
	  In	  chapter	  two,	  we	  have	  discussed	  a	  polarization	  splitter-­‐rotator,	  which	  is	  based	  on	   a	   double-­‐etched	   directional	   coupler.	   This	   polarization	   splitter-­‐rotator	   has	  three	  characteristics:	  first,	  this	  device	  is	  based	  on	  the	  mode	  principle;	  second,	  the	  polarization	  separation	  process	  and	  polarization	  rotation	  process	  happen	  at	  the	  same	   time;	   third,	   this	   device	   is	   designed	   to	  work	   at	   C	   band	   (1530-­‐1565	   nm	   in	  optical	   communication).	  The	  C-­‐band	   is	   the	  dominant	  band	   for	   long-­‐haul	  optical	  networks.	  However,	  for	  short-­‐distance	  optical	  communication,	  the	  O	  band	  (1260-­‐1360	  nm)	  becomes	  more	  and	  more	  important,	  especially	  for	  the	  communication	  in	  data	  centers.	  Thus,	   there	   is	  a	  need	  to	  design	  a	  high	  performance	  polarization	  splitter-­‐rotator	   at	   O	   band,	   which	   could	   be	   used	   to	   implement	   polarization	  diversity	  circuits	  as	  we	  discussed	  earlier.	  	  In	   this	  chapter,	  we	  will	  discuss	  a	  polarization	  splitter-­‐rotator	  built	  on	  a	  220	  nm	   silicon-­‐on-­‐insulator	   platform	   using	   a	   248	   nm	   deep	   ultraviolet	   lithography.	  The	  polarization	  splitter-­‐rotator	  also	  has	  three	  characteristics:	  first,	  this	  device	  is	  based	   on	   the	   mode	   evolution	   principle;	   second,	   the	   polarization	   separation	  process	   and	   the	   polarization	   rotation	   process	   happen	   separately,	   one	   after	  another;	  third,	  this	  device	  is	  designed	  for	  1310	  nm	  data	  communication	  (O	  band).	  Conceptually,	  there	  is	  no	  significant	  difference	  between	  the	  design	  of	  an	  O	  band	  and	  a	  C	  band	  polarization	  splitter-­‐rotator.	  However,	  in	  terms	  of	  fabrication,	  there	  is	  some	  difference,	  because	  polarization	  splitter-­‐rotator	  that	  works	  at	  O	  band	  has	  a	  smaller	  feature	  size	  than	  that	  at	  C	  band.	  Suppose	  we	  use	  the	  same	  lithography	  process	   to	   pattern	   these	   two	  polarization	   splitter-­‐rotators,	   the	   device	   designed	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for	   the	   O	   band	  would	   suffer	   a	   larger	   fabrication	   deviation	   as	   compared	   to	   the	  device	  designed	  for	  the	  C	  band.	  	  	  
3.1	  Different	  polarization	  split	  and	  rotation	  principles	  
	  Actually,	  a	  polarization	  splitter-­‐rotator	  could	  be	  recognized	  as	  a	  combination	  of	  two	   different	   devices	   –	   a	   polarization	   beam	   splitter	   (PBS)	   and	   a	   polarization	  rotator	  (PR).	  Suppose	  we	  cascade	  a	  high	  performance	  polarization	  beam	  splitter	  with	   a	   high	   performance	   polarization	   rotator,	   we	   should	   be	   able	   to	   get	   an	  excellent	   polarization	   splitter-­‐rotator.	   In	   this	   section,	   we	   will	   give	   a	   brief	  introduction	   of	   PBSs	   and	   PRs.	   This	   will	   lay	   the	   foundation	   to	   create	   a	   novel	  polarization	  splitter-­‐rotator	  in	  the	  next	  section.	  	  Polarization	  beam	  splitters	  are	  used	  to	  separate	   the	   transverse	  electric	  (TE)	  and	  transverse	  magnetic	  (TM)	  polarizations.	  A	  detailed	  review	  of	  this	  device	  can	  be	   found	   in	   the	   literature	   [61].	   To	   date,	   several	   kinds	   of	   waveguide	   type	  polarization	  beam	  splitters	  have	  been	  reported	  utilizing	  different	  structures,	  for	  example,	   Mach-­‐Zehnder	   interferometers	   [62-­‐65],	   multimode	   interferences	   [66-­‐67],	  directional	  couplers	  [68-­‐70]	  and	  photonic	  crystal	  [71-­‐72].	  In	  our	  design,	  we	  choose	  a	  directional	  coupler	  structure	  as	  a	  polarization	  beam	  splitter,	  because	  of	  its	  simplicity	  and	  compact	  footprint.	  Polarization	   rotators	   are	   used	   to	   rotate	   one	   polarization	   state	   into	   the	  orthogonal	   polarization	   state.	   Generally,	   there	   are	   three	   categories	   of	   on-­‐chip	  polarization	  rotators	  [73].	  The	  first	  category	  is	  based	  on	  the	  mode	  coupling	  and	  conversion	   principles.	   Some	   representative	   works	   are	   usually	   composed	   of	   a	  double-­‐etched	  waveguide	  with	  a	  cut	  corner	  [74-­‐75].	  The	  abrupt	  change	  of	  cross-­‐sections	  shape	  will	  cause	  scattering	  and	  mode	  conversion.	  The	  second	  category	  is	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based	   on	   mode	   evolution	   principles.	   Typically,	   a	   waveguide	   with	   an	   adiabatic	  geometry	   change	   is	   introduced.	   In	   the	  middle	   of	   this	   waveguide,	   there	   will	   be	  strong	  mode	   hybridization	   and	   conversion	   [76-­‐78].	   The	   last	   category	   is	   to	   use	  external	  materials	  to	  assist	  the	  rotation	  of	  the	  light	  sitting	  in	  the	  silicon	  nanowire	  [79-­‐81].	  Materials	   like	   silicon	  nitride,	  metal	   and	  etc.	   are	   commonly	   seen	   in	   this	  category	  of	  polarization	  rotators.	  It	  worth	  noting	  that	  air	  is	  also	  widely	  used	  as	  a	  top	  cladding	  to	  achieve	  polarization	  rotation.	  However,	  air	  is	  not	  preferred,	  since	  it	   makes	   the	   polarization	   rotator	   not	   compatible	   with	   any	   back-­‐end-­‐of-­‐line	  processes	  and	  thus	  difficult	  to	  be	  integrated	  with	  other	  silicon	  photonic	  devices.	  In	  our	  design,	  which	  will	  be	  illustrated	  in	  the	  next	  section,	  we	  use	  a	  bi-­‐level	  taper-­‐based	  mode	  converter,	  which	  is	  based	  on	  the	  mode	  evolution	  principle.	  
	  
3.2	  Design	  of	  polarization	  splitter-­‐rotator	  with	  a	  Mach-­‐
Zehnder-­‐based	  mode	  converter	  	  The	  polarization	  splitter-­‐rotator	   is	  constructed	  with	  a	  directional	  coupler	  based	  polarization	  beam	  splitter	  [82,	  83]	  and	  a	  polarization	  rotator,	  which	  is	  comprised	  of	  a	  bi-­‐level	   taper-­‐based	  mode	  converter	   [84]	  and	  a	  Mach-­‐Zehnder	  based	  mode	  converter	   [85].	   This	   is	   the	   first	   time	   that	   the	   aforementioned	   three	   building	  blocks	  have	  been	  put	  together	  to	  form	  a	  polarization	  splitter-­‐rotator.	  	  Figure	  3.1	  shows	  the	  schematic	  of	  the	  proposed	  polarization	  splitter-­‐rotator.	  When	   launching	  TE0	  mode	   at	   the	   input	   port,	   the	   light	  will	   propagate	   the	   input	  waveguide	  and	  come	  out	  to	  the	  through	  port	  directly.	  When	  launching	  TM0	  mode	  at	  the	  input,	  the	  light	  will	  first	  be	  coupled	  to	  other	  side	  of	  the	  directional	  coupler.	  At	   this	   time,	   the	   coupled	   mode	   is	   still	   TM0.	   After	   that,	   the	   TM0	   mode	   will	   go	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though	   the	   bi-­‐level	   taper	   and	   becomes	   TE1	  mode.	   Then,	   the	   TE1	  mode	  will	   be	  converted	  into	  TE0	  at	  the	  cross	  port	  by	  the	  Mach-­‐Zehnder	  mode	  converter.	  	  	  
 
Figure	  3.1.	  Schematic	  of	  the	  proposed	  polarization	  splitter-­‐rotator 
 After	  optimization,	  we	  then	  fixed	  the	  values	  of	  the	  parameters	  that	  are	  shown	  in	   Figure	   3.1.	   The	   thickness	   of	   the	   un-­‐etched	   silicon	   is	   set	   to	   be	   H1=220	   nm	  (colored	  in	  yellow).	  And	  the	  thickness	  of	   the	  partially-­‐etched	  silicon	  is	  set	  to	  be	  H2=90	  nm	  (colored	  in	  red).	  The	  symmetrical	  directional	  coupler	   is	  composed	  of	  two	   silicon	   nanowires	   (width	  W1=400	   nm,	   length	   L1=15	   nm,	   gap	  W2=220	   nm).	  The	   bend	   radius	   at	   the	   beginning	   of	   the	   right-­‐side	   waveguide	   is	   5	   um,	   so	   the	  actual	  coupling	  length	  is	  LC=10	  µm.	  The	  bi-­‐level	  taper	  consists	  of	  two	  sections.	  In	  the	  first	  section	  (L2=19	  µm),	  the	  un-­‐etched	  waveguide	  width	  converts	  from	  W1=	  400	  nm	  to	  W2=620	  nm.	  And	  the	  partially-­‐etched	  waveguide	  width	  converts	  from	  W1=	   400	   nm	   to	  W3=	   1.22	   µm.	   In	   the	   second	   section	   (L3=4	   µm),	   the	   un-­‐etched	  waveguide	  width	  changes	  to	  W3=1.22	  µm.	  	  To	  verify	  the	  behavior	  of	  this	  device,	  we	  have	  launched	  3D	  FDTD	  simulations	  using	   Lumerical	   FDTD	   solutions.	   Figure	   3.2	   shows	   the	   refractive	   indices	   of	   the	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modes	  in	  the	  bi-­‐level	  taper.	  As	  we	  can	  see,	  at	  the	  input	  of	  the	  bi-­‐level	  taper	  (I),	  the	  refractive	  indices	  of	  the	  TM0	  mode	  and	  TE1	  mode	  are	  separated	  far	  away,	  so	  that	  mode	  hybridization	  will	  not	  happen	  at	  this	  time.	  But	  as	  the	  light	  propagates	  along	  the	   bi-­‐level	   taper,	   the	   two	   refractive	   indices	   are	   becoming	   closer	   and	   closer.	  Between	   section	   (II)	   and	   (III),	   strong	   mode	   hybridization	   and	   conversion	   will	  happen.	   Now,	   the	   TM0	   mode	   will	   gradually	   change	   to	   TE1	   mode.	   When	   light	  comes	  to	  Section	  (IV),	  light	  will	  remain	  in	  the	  TE1	  mode	  and	  cannot	  be	  converted	  back	  to	  TM0	  mode,	  since	  the	  refractive	  indices	  are	  separated	  too	  far	  away.	  	  
 
 
Figure	  3.2.	  	  Mode	  index	  evolution	  along	  the	  bi-­‐level	  taper.	  	  
 To	   illustrate	   the	   mode	   conversion	   process	   in	   the	   bi-­‐level	   taper,	   we	   have	  pictured	   the	   electric	   field	   distribution	   at	   the	   above	   four	   sections,	   as	   shown	   in	  Figure	   3.3.	   As	  we	   can	   tell	   from	   plots	   (I)	   and	   (II),	   the	  mode	   is	  mainly	   TM0.	   But	  when	  we	   take	   a	   look	   at	   plots	   (III)	   and	   (IV),	   it	   can	   be	   clearly	   observed	   that	   the	  mode	   is	  mainly	  TE1.	  Figure	  3.4	  shows	   that	   this	  bi-­‐level	   taper	  has	  a	  polarization	  conversion	   efficiency	   over	   92%	   in	   the	   wavelength	   region	   1290-­‐1330	   nm.	   The	  Mach-­‐Zehnder	  has	  a	  TE1-­‐to-­‐TE0	  mode-­‐conversion	  efficiency	  of	  82%	  at	  1310	  nm,	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and	   the	   mode-­‐conversion	   efficiency	   is	   larger	   than	   78%	   in	   the	   aforementioned	  wavelength	  region.	  
 
 
Figure	  3.3.	  Total	  electric-­‐field	  amplitude	  (|E|)	  changes	  as	  the	  input	  TM0	  field	  travels	  through	  the	  bi-­‐level	  taper.	  The	  above	  four	  subplots	  show	  the	  mode	  profiles	  at	  corresponding	  sections	  in	  Figure	  3.1.	  	  
 
 
Figure	  3.4	  Simulated	  mode-­‐conversion	  efficiencies	  of	  the	  bi-­‐level	  taper	  and	  asymmetric	  Mach-­‐Zehnder	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3.3	  Fabrication	  of	  the	  polarization	  splitter-­‐rotator	  with	  the	  
calibration	  structures	  
	  The	  fabrication	  details	  have	  been	  discussed	  in	  section	  2.3.	  	  Here,	  we	  just	  show	  the	  pictures	  of	  the	  fabricated	  device	  in	  Figure	  3.5.	  	  
 (a)	  
 (b)	  
Figure	  3.5.	  (a)	  Optical	  micrograph	  of	  two	  fabricated	  calibration	  structures,	  with	  PSRs	  designed	  to	  be	  identical.	  (b)	  Scanning	  electron	  microscope	  picture	  of	  the	  fabricated	  PSR.	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3.4	  Measurement	  and	  results	  
 The	  measurement	  setup	  has	  been	  discussed	  in	  section	  2.4.	  Figure	  3.6	  shows	  the	  spectral	   responses	   of	   the	   TE	   and	   TM	   grating	   coupler	   loops.	   The	   TM	   grating	  coupler	   has	   an	   average	   coupling	   loss	   of	   7.6±0.05	   dB	   at	   1310	  nm,	  while	   the	   TE	  grating	  coupler	  has	  an	  average	  coupling	  loss	  of	  8.9±0.05	  dB	  at	  1310	  nm.	  	  	  
 
Figure	  3.6.	  Spectral	  responses	  of	  the	  TE	  and	  TM	  grating	  coupler	  loops.	  The	  spectra	  of	  the	  four	  loops	  were	  averaged	  and	  then	  used	  to	  extract	  the	  PSR	  losses.	  	   As	   shown	   in	   Figure	   3.7(a),	   the	   polarization	   splitter-­‐rotator	   shows	   a	   better	  than	   2	   dB	   polarization	   conversion	   loss	   and	   a	   0.5	   dB	   TE	   insertion	   loss.	   We	  measured	  the	  crosstalk	  to	  be	  better	  than	  20	  dB	  as	  shown	  in	  Figure	  3.7(b).	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 (a)	  
 (b)	  
Figure	  3.7.	  Measured	  and	  simulated	  spectra	  of	  the	  PSR	  with	  input	  and	  output	  grating	  losses	  normalized,	  showing	  (a)	  conversion	  loss	  and	  (b)	  crosstalk.	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CHAPTER	  4	  
BI-­‐WAVELENGTH	  POLARIZATION	  SPLITTER-­‐ROTATOR	  	  	  In	   the	   previous	   two	   chapters,	  we	   have	   demonstrated	   two	   polarization	   splitter-­‐rotators.	  One	  of	  them	  works	  at	  1550	  nm	  wavelength	  region,	  and	  the	  other	  works	  at	  1310	  nm	  wavelength	  region.	  To	  date,	  most	  polarization	  splitter-­‐rotators	  work	  in	   silicon	   [81,93-­‐95]	   has	   been	   focused	   on	   the	   1550	   nm	   wavelength	   region.	  However,	  in	  some	  applications,	  we	  need	  a	  polarization	  splitter-­‐rotator	  to	  work	  at	  two	  widely	  separated	  wavelength	  regions	  (e.g.	  at	  both	  1310	  nm	  and	  1550	  nm).	  Then,	  the	  question	  is	  how	  to	  design	  a	  high-­‐efficiency	  bi-­‐wavelength	  polarization	  splitter-­‐rotator	  that	  caters	  to	  such	  a	  stringent	  requirement.	  This	  is	  a	  challenging	  topic,	  which	  has	  not	  been	  sufficiently	  addressed	  in	  the	  literature.	  In	   this	   chapter,	   we	   describe	   the	   first	   theoretical	   demonstration	   of	   a	   bi-­‐wavelength	  PSR,	  which	   is	  designed	   to	  work	   in	  both	   the	  1310	  nm	  and	  1550	  nm	  wavelength	   ranges.	   The	   PSR	   is	   composed	   of	   a	   wideband	   bi-­‐level	   TM0-­‐to-­‐TE1	  mode	  converter	  and	  an	  asymmetric	  directional	  coupler.	  Similar	  geometries	  have	  been	  proposed	  in	  the	  literature	  [46,	  84],	  and	  experimentally	  demonstrated	  in	  the	  literature	  [41,	  78,	  94,	  95]	   for	  single	  wavelength	  operation.	  Here,	  we	  engineered	  this	  geometry	   to	  work	  at	   two	  distinct	  wavelengths	  bands	   for	   the	   first	   time.	  We	  believe	  that	  combining	  this	  PSR	  with	  a	  low-­‐loss	  and	  wideband	  edge	  coupler	  can	  offer	  a	  high-­‐efficiency	  edge-­‐coupling-­‐based	  light	  duplexing	  solution.	  	  
4.1	  Introduction	  of	  bi-­‐wavelength	  coupling	  
	  Wavelength-­‐division-­‐multiplexed	   passive	   optical	   networks	   (WDM	   PONs)	   are	  regarded	  as	  a	  potential	  solution	  for	  next	  generation	  optical	  access	  networks	  due	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to	  their	  high	  bandwidths	  [86].	  However,	  the	  relatively	  high	  cost	  of	  WDM	  PON	  is	  still	  one	  of	  the	  main	  limitations	  of	  its	  practical	  usage.	  Recently,	  many	  researchers	  have	  shifted	  their	  attention	  to	  silicon-­‐on-­‐insulator	  (SOI)	  based	  integrated	  circuits	  that	   could	   offer	   a	   high-­‐density	   integration	   with	   a	   relatively	   low	   cost	   for	   mass	  production	  [43-­‐44].	  	  	  	  Today’s	   fiber-­‐to-­‐the-­‐home	   (FTTH)	   systems	   usually	   utilize	   two	   different	  wavelengths	   for	   upstream	   and	   downstream	   traffic.	   Typical	   operation	  wavelengths	   are	  near	  1310,	  1490,	   or	  1550	  nm,	  which	  are	  widely	   spaced.	  Thus,	  one	   important	   issue	  of	   implementing	  WDM	  PON	  system	  on	  a	  SOI	  platform	  is	   to	  find	   an	   efficient	  mechanism	   to	   duplex	   light.	   To	   this	   end,	   both	   1-­‐D	   and	   2-­‐D	   bi-­‐wavelength	   grating	   couplers	   [87-­‐90]	   have	   been	   proposed.	   1-­‐D	   bi-­‐wavelength	  grating	  coupler	  for	  1310	  and	  1490	  nm	  wavelengths	  with	  a	  -­‐2.5	  dB	  insertion	  loss	  has	   been	   demonstrated	   in	   [87].	   Xu	   et	   al.	   demonstrated	   a	   2-­‐D	   bi-­‐wavelength	  grating	   coupler	  with	   -­‐6	   dB	   and	   -­‐6.5	   dB	   insertion	   losses	   for	   1490	   and	  1550	  nm	  [88].	  To	  further	  solve	  the	  polarization	  dependent	  loss	  problem	  of	  bi-­‐wavelength	  grating	  coupler,	  Streshinsky	  et	  al.	  recently	  experimentally	  demonstrated	  the	  first	  bi-­‐wavelength	  polarization-­‐splitting	  grating	  coupler	  with	  a	   insertion	   loss	  of	   -­‐8.2	  dB	   and	   -­‐7.1dB	   at	   1310	   nm	   and	   1550	   nm,	   respectively	   [90].	   Although	   grating-­‐coupling-­‐based	   light	   duplexing	   mechanisms	   have	   been	   widely	   discussed,	   the	  insertion	  loss	  of	  this	  mechanism	  is	  still	  relatively	  high.	  	  	  Instead	   of	   using	   a	   grating-­‐coupling-­‐based	   light	   duplexing	  mechanism,	   it	   is	  also	   possible	   to	   develop	   an	   edge-­‐coupling-­‐based	   light	   duplexing	   mechanism.	  However,	   there	   has	   been	   no	   demonstration	   of	   a	   light	   duplexing	   mechanism	  where	  light	  is	  coupled	  into	  the	  chip	  through	  an	  edge	  coupler	  thus	  far.	  To	  achieve	  such	  an	  edge-­‐coupling-­‐based	   light	  duplexing	  mechanism,	  both	  a	  wideband	  edge	  coupler	  and	  a	  bi-­‐wavelength	  polarization	  splitter	  and	  rotator	  (PSR)	  are	  needed.	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Low-­‐loss	  and	  wideband	  edge	  couplers	  have	  been	  demonstrated	  in	  the	  literature	  [91-­‐92].	  Also,	  PSRs	  centered	  at	  1550	  nm	  with	  a	  wide	  bandwidth	  (e.g.	  60	  nm	  ~	  80	  nm)	  have	  been	  demonstrated	   in	   the	   literature	   [81,93-­‐95].	  However,	   to	  our	  best	  knowledge,	   bi-­‐wavelength	   PSRs	   which	   can	   work	   at	   two	   widely	   separated	  wavelengths	  have	  not	  been	  demonstrated	  thus	  far.	  	  	  	  	  	  
4.2	  Bi-­‐wavelength	  polarization	  splitter-­‐rotator	  
	  The	  schematic	  of	  the	  bi-­‐wavelength	  PSR	  is	  shown	  in	  Figure	  4.1,	  where	  the	  yellow	  regions	  represent	  the	  un-­‐etched	  Si	  waveguide	  and	  the	  blue	  regions	  represent	  the	  partially	  etched	  slab	  waveguide.	  The	  un-­‐etched	  Si	  thickness	  is	  H1=220	  nm,	  while	  H2	  to	  represent	  the	  thickness	  of	  the	  partially	  etched	  slab	  waveguide.	  	  
 
Figure	   4.1.	   Schematic	   of	   the	   proposed	   bi-­‐wavelength	   PSR	   with	   significant	  geometric	  parameters	  noted.	  	   This	   device	   is	   composed	   of	   a	   wideband	   TM1-­‐to-­‐TE1	   mode	   converter,	   an	  asymmetric	   bi-­‐wavelength	   directional	   coupler	   and	   a	   symmetric	   SiO2	   cladding.	  Detailed	  description	  of	   the	  working	  principle	  of	   this	  device	  can	  be	   found	   in	   the	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literature	  [46,	  95].	  Both	  the	  TE0	  and	  TM0	  modes	  are	  launched	  into	  the	  left	  port	  of	  the	  bus	  waveguide,	  as	  shown	  in	  Figure	  4.1.	  The	  TE0	  mode	  will	  pass	  through	  the	  bus	  waveguide	  and	  comes	  out	  from	  the	  right	  port	  of	  the	  bus	  waveguide	  directly.	  Meanwhile,	   the	   TM0	   mode	   will	   be	   converted	   to	   the	   TE1	   mode	   after	   passing	  through	   the	   bi-­‐level	   taper,	   and	   then	   be	   coupled	   into	   the	   access	   waveguide	   to	  become	  the	  TE0	  mode	  when	  passing	  through	  the	  asymmetric	  directional	  coupler.	  However,	   there	  are	   two	  major	  problems	   that	  need	   to	  be	  solved	   in	  order	   for	  this	  geometry	  to	  work	  at	  two	  widely	  separated	  wavelengths.	  The	  first	  problem	  is	  how	  to	  make	  a	  bi-­‐level	  TM0-­‐to-­‐TE1	  converter	  not	  only	  highly	  efficient,	  but	  more	  importantly,	   ultra-­‐wideband.	   The	   fundamental	   principles	   of	   designing	   a	   highly	  efficient	  bi-­‐level	  TM0-­‐to-­‐TE1	  converter	  have	  been	  discussed	  in	  the	  literature	  [84],	  but,	  how	  to	  design	  a	  wideband	  converter,	  which	  can	  cover	  two	  widely	  separated	  bandwidths,	  has	  never	  been	  discussed	  before.	  In	  section	  4.2.1,	  we	  use	  the	  particle	  swarm	  optimization	  (PSO)	  method	  to	  design	  an	  ultra-­‐wideband	  mode	  converter,	  which	   has	   a	   minimum	   TM0-­‐to-­‐TE1	   mode	   conversion	   efficiency	   of	   96%	   in	   the	  wavelength	  region	  of	  1250	  –	  1600	  nm	  (350	  nm	  bandwidth).	  The	  second	  problem	  is	   how	   to	   design	   a	   bi-­‐wavelength	   asymmetric	   directional	   coupler.	   To	   be	   more	  specific,	   the	  difficulty	   is	   to	  size	   the	  widths	  of	   the	  directional	  coupler	  so	  that	   the	  phase-­‐matching	  conditions	  are	  satisfied	  at	  two	  widely	  separated	  bandwidths.	  	  
4.3	  Design	  of	  wideband	  bi-­‐level	  taper	  
	  The	  PSO	  method	  has	  been	  widely	  used	   in	   today’s	  optical	  device	  designs	   to	   find	  the	   optimum	   geometries	   [11-­‐12].	   To	   design	   a	   wideband	   bi-­‐level	   taper,	   the	  geometry	  parameters	  (W0,	  W1,	  W2,	  L0,	  L1,	  and	  H2)	  need	  to	  be	  optimized.	  The	  other	  two	  parameters	  are	  fixed	  (H1=220	  nm	  and	  W3=1.25	  µm).	  The	  optimization	  figure	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of	  merit	   (FOM)	   for	   the	  bi-­‐level	   taper	   is	  defined	  as	  normalized	  TE1	  mode	  power	  transmission	   at	   a	   certain	  wavelength,	  written	   as	   FOMλ.	   In	   the	   optimization,	  we	  first	  chose	  10	  wavelength	  points	  across	  a	  350	  nm	  range	  (1250	   -­‐	  1600	  nm)	  and	  take	   the	   average	   of	   FOMλ	   as	   FOMavg.	   Then,	   we	   maximized	   FOMavg	   to	   get	   the	  optimum	   geometry	   parameters	   for	   the	   wideband	   bi-­‐level	   taper	   [19]. After	  optimization,	  we	   choose	  W0=0.40	   µm,	  W1=1.085	   µm,	  W2=0.645	   µm,	   L0=40	   µm,	  L1=4	  µm,	  and	  H2=115	  nm.	  	  
 
 
Figure	  4.2.	  	  Mode	  index	  evolution	  along	  the	  PR	  structure. 
 
 
Figure	  4.3.	  Simulated	  mode-­‐conversion	  efficiencies	  of	  the	  bi-­‐level	  taper	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   Figure	  4.2	  shows	  the	  effective	  indices	  of	  the	  TM0	  mode	  and	  the	  TE1	  mode	  at	  both	   wavelengths	   as	   light	   propagates	   through	   the	   bi-­‐level	   taper.	   As	   shown	   in	  Figure	  4.2,	   the	   effective	   index	   of	   the	  TE1	  mode	   curve	   is	   close	   to	   the	  TM0	  mode	  curve	  at	  around	  20	  µm,	  where	  strong	  mode	  hybridization	  and	  conversion	  occur.	  After	   traveling	   through	   this	   section,	   the	   input	   TM0	   mode	   converts	   to	   the	   TE1	  mode	   at	   both	   wavelengths.	   Figure	   4.3	   shows	   the	   simulated	   mode	   conversion	  efficiency	   in	  the	  wavelength	  regime	  1250-­‐1600	  nm.	  As	  can	  be	  seen	  from	  Figure	  4.3,	   the	   overall	   mode	   conversion	   efficiency	   is	   above	   96%	   in	   the	   wavelength	  regime	  of	  1250-­‐1600	  nm.	  	  
 
4.4	  Design	  of	  bi-­‐wavelength	  asymmetric	  directional	  coupler	  
	  The	  design	  of	  a	  bi-­‐wavelength	  directional	  coupler	  comprises	  two	  steps.	  The	  first	  step	   is	   to	   choose	   a	   pair	   of	   waveguide	   widths	   so	   that	   the	   phase	   matching	  conditions	  are	  satisfied	  at	  both	  wavelengths.	  	  
 
Figure	  4.4.	  Effective	  indices	  at	  the	  coupling	  section	  vs.	  wavelength.	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Figure	  4.4	  shows	  the	  effective	  indices	  of	  the	  TE0	  mode	  and	  TE1	  mode	  at	  both	  wavelengths	  as	  a	  function	  of	  waveguide	  width.	  When	  choosing	  the	  bus	  waveguide	  width	  W3=1.25	   µm	   and	   the	   access	  waveguide	  width	  W4=0.61	   µm,	   the	   effective	  indices	  of	  TE1	  mode	  in	  the	  bus	  waveguide	  are	  neff	  =	  2.577	  at	  1550	  nm	  and	  neff	  =	  2.810	   at	   1310	   nm.	   Meanwhile,	   the	   effective	   indices	   of	   TE0	  mode	   in	   the	   access	  waveguide	  are	  neff	  =	  2.577	  at	  1550	  nm	  and	  neff	  =	  2.808	  at	  1310	  nm,	  as	  marked	  by	  the	   four	   black	   dots	   in	   Figure	   4.4.	   So	  we	   can	   conclude	   that	   the	   phase-­‐matching	  conditions	  for	  both	  wavelengths	  are	  simultaneously	  satisfied,	  which	  ensure	  that	  almost	  100%	  power	  will	  be	  transferred	  to	  the	  other	  waveguide.	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Figure	   4.5.	   	  Mode	  propagation	  when	   launching	   (a)	  TE0	  at	  1310	  nm,	   (b)	  TM0	  at	  1310,	  (c)	  TE0	  at	  1550	  nm,	  and	  (d)	  TM0	  at	  1550	  nm.	  	  	  	  	  The	  second	  step	  is	  to	  engineer	  the	  gap	  (Wg)	  between	  the	  two	  waveguides	  so	  that	  at	  both	  wavelengths,	   the	  TE1	  mode	   in	   the	  bus	  waveguide	  could	  be	  coupled	  into	   the	   TE0	   and	   comes	   out	   from	   the	   access	   waveguide.	   By	   varying	   Wg,	   the	  coupling	  length	  for	  both	  wavelengths	  (LC,1310	  and	  LC,1550)	  will	  change	  accordingly.	  To	  verify	  the	  behavior	  of	  this	  device,	  3-­‐D	  FDTD	  simulation	  was	  performed.	  Figure	  4.5	  shows	  the	  mode	  profile	  when	  launching	  TE0	  and	  TM0	  at	  both	  wavelengths.	  As	  can	  be	  seen	  from	  Figure	  4.5(b)	  and	  Figure	  4.5(d),	   the	  maximum	  power	  coupled	  into	  the	  access	  waveguide	  occurs	  at	  130	  µm	  in	  1310	  nm	  and	  at	  145	  µm	  in	  1550	  nm.	  To	   reach	  a	   compromise,	  we	  end	   this	  directional	   coupler	   at	  138	  µm	   (L2=94	  µm),	   so	   that	  both	  wavelengths	  have	   relatively	  high	   coupling	  efficiencies.	   Figure	  4.6	   shows	   the	  TM0-­‐to-­‐TE0	   polarization	   conversion	   loss	   (PCL)	   near	  wavelengths	  1310	  nm	  and	  1550	  nm.	  As	  shown	  in	  Figure	  4.6,	  the	  proposed	  PSR	  has	  a	  simulated	  minimum	  insertion	  loss	  of	  -­‐0.9	  dB	  near	  1310	  nm	  and	  -­‐1.0	  dB	  near	  1550	  nm.	  It	  is	  also	   worth	   noting	   that	   the	   PCL	   changes	   relatively	   less	   in	   the	   transmission	  window	  near	  1310	  nm	  than	  it	  does	  near	  1550	  nm.	  	  
 
Figure	   4.6.	   	   Simulated	   polarization	   conversion	   efficiency	   near	  wavelengths	   (a)	  1310	  nm	  and	  (b)	  1550	  nm.	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4.5	  Fabrication	  tolerance	  analysis	  
	  To	  investigate	  the	  fabrication	  tolerance,	  three	  key	  geometry	  parameters	  (W3,	  W4,	  and	   Wg)	   have	   been	   varied	   within	   +/-­‐	   5	   nm.	   As	   shown	   in	   Figure	   4.7,	   the	  polarization	  conversion	   loss	   (PCL)	   is	   less	   sensitive	   to	  W3	  and	  more	  sensitive	   to	  Wg	  and	  W4.	  Also,	  as	  can	  be	  seen	  from	  Figure	  5.7(b),	  the	  PCL	  at	  1310	  nm	  increases	  as	  Wg	  increases,	  while	  the	  PCL	  at	  1550	  nm	  decreases	  as	  Wg	  increases.	  The	  PCLs	  at	  both	   wavelengths	   reach	   a	   compromise	   at	   Wg=90	   nm.	   The	   situation	   for	   W4	   is	  similar,	  as	  can	  be	  seen	  from	  Figure	  4.7(c).	  	  
 
Figure	  4.7.	  Polarization	  conversion	  loss	  vs.	  geometry	  parameter	  variation	  of	  (a)	  W3	  (b)	  Wg	  and	  (c)	  W4	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CHAPTER	  5	  
ULTRA-­‐COMPACT	  POLARIZATION	  ROTATOR	  OPTIMIZED	  BY	  
PARTICLE	  SWARM	  OPTIMIZATION	  	  
	  In	   the	   previous	   three	   chapters,	   we	   have	   discussed	   three	   different	   polarization	  splitter-­‐rotators.	   In	   this	   chapter,	   we	   will	   discuss	   the	   design	   of	   a	   polarization	  rotator,	  which	  is	  another	  device	  for	  the	  implementation	  of	  polarization-­‐diversity	  circuits.	   Actually,	   on-­‐chip	   polarization	   rotators	   have	   been	   demonstrated	   using	  different	  materials,	   e.g.	   III-­‐V	  materials	   [96-­‐97],	   silicon/silicon	   dioxide	   [75,	   77],	  photonics	  crystals	  [98],	  and	  plasmonic	  materials	  [99-­‐101].	  	  However,	  it	  is	  still	  difficult	  to	  achieve	  polarization	  rotators	  with	  both	  compact	  footprints	   and	  high	  polarization	   conversion	  efficiencies,	  while	   at	   the	   same	   time	  being	   CMOS-­‐compatible.	   For	   example,	   Chen	   at	   al.	   [53]	   demonstrated	   a	   high	  efficiency	  polarization	  rotator	  on	  a	  hybrid	  Si/Si3N4-­‐on-­‐insulator	  platform,	  with	  a	  device	   length	   of	   420	   µm.	   Sacher	   at	   al.	   [25]	   demonstrated	   a	   high-­‐efficiency	  polarization	   splitter-­‐rotator	   based	   on	   an	   adiabatic	   bi-­‐level	   taper	   and	   an	  asymmetric	  directional	  coupler	  with	  a	  device	  length	  of	  475	  µm.	  Both	  of	  the	  above	  demonstrations	   achieved	   very	   high	   efficiency	   based	   on	   the	   mode-­‐evolution	  principles,	   but	   the	   footprints	   of	   these	   devices	   are	   still	   quite	   large.	   In	   addition,	  Chen	   at	   al.	   [102-­‐103]	   proposed	   that	   it	   is	   possible	   to	   use	   an	   ultra-­‐short	   slot	  waveguide	  to	  achieve	  a	  high	  polarization	  conversion	  efficiency.	  However,	  due	  to	  the	   lack	  of	  experimental	   results,	  we	  cannot	  conclude	   that	   this	   is	  a	  clear	  path	   to	  achieve	  our	  goal.	  Finally,	   surface	  plasmon	  polariton	  based	  polarization	   rotators	  [99-­‐101]	  have	  received	  much	  attention	  recently.	  Although	  the	  footprints	  of	  these	  demonstrations	   are	   usually	   around	   ten	   microns,	   the	   insertion	   losses	   of	   these	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devices	  are	  still	  high.	  Also,	  there	  are	  still	  some	  fabrication	  barriers	  that	  need	  to	  be	  overcome	  in	  order	  to	  make	  these	  devices	  fully	  compatible	  with	  CMOS	  process.	  	  In	   this	   chapter,	   we	   will	   discuss	   an	   ultra-­‐compact	   and	   high-­‐efficiency	  polarization	   rotator	   built	   on	   a	   silicon-­‐on-­‐insulator	   platform.	   The	   polarization	  rotator	  is	  based	  on	  a	  bi-­‐level	  taper	  TM0-­‐to-­‐TE1	  mode	  converter	  and	  a	  bent-­‐taper	  TE1-­‐to-­‐TE0	  mode	   converter.	   The	  device	   is	   fully	   optimized	  by	   the	  particle	   swam	  optimization	  method	  and	  has	   a	   streamlined	   shape.	   	   This	  device	   could	  be	   easily	  fabricated	   using	   a	   CMOS-­‐compatible	   process,	   and	   we	   believe	   that	   this	   device	  could	  be	  widely	  used	  in	  future’s	  industrial	  applications.	  
	  
5.1	  Principle	  of	  the	  polarization	  rotator	  
	  The	  schematic	  of	   the	  proposed	  polarization	   rotator	   is	   shown	   in	  Figure	  5.1.	  The	  proposed	  polarization	  rotator	  is	  comprised	  of	  an	  ultra-­‐short	  bi-­‐level	  taper	  and	  a	  bent	  taper.	  And	  a	  symmetric	  SiO2	  cladding	  surrounds	  the	  device.	  	  
 
 
Figure	  5.1.	  Schematic	  of	  the	  PR,	  consisting	  of	  a	  bi-­‐level	  taper	  and	  a	  bent	  taper.	  The	  PR	  is	  surrounded	  by	  a	  symmetric	  SiO2	  cladding	  (a	  buried	  oxide	  bottom-­‐cladding	  and	  a	  SiO2	  top-­‐cladding).	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This	   device	   is	   based	   on	   the	   widely	   used	   mode-­‐evolution	   theory.	   However,	  there	   is	   a	   significant	   difference	   between	   this	   device	   and	   other	  mode-­‐evolution	  based	   devices.	   Typical	   mode-­‐evolution	   based	   devices	   [78,	   104]	   sacrifice	   the	  footprints	   to	   achieve	   high	  mode	   conversion	   efficiency,	   such	   that	   the	   lengths	   of	  these	  devices	  are	  usually	  around	  hundreds	  of	  microns.	   In	   the	  next	   sections,	  we	  will	  demonstrate	  that	  it	  is	  possible	  to	  achieve	  a	  high	  mode	  conversion	  efficiency	  without	   compromising	   the	   footprints.	   In	  principle,	   the	   launched	  TM0	  mode	  will	  gradually	  change	  into	  the	  TE1	  mode	  when	  passing	  through	  the	  bi-­‐level	  taper	  and	  then	  convert	  into	  the	  TE0	  mode	  with	  the	  assistance	  of	  the	  bent	  taper.	  In	  order	  to	  achieve	  a	  compact	  footprint,	  we	  use	  particle	  swarm	  optimization	  to	   find	   the	   optimum	   geometric	   parameters.	   FDTD	   simulation	   could	   work	   in	  conjunction	  with	  evolutionary	  optimization	  algorithms	  to	  help	  find	  the	  optimum	  geometry	  parameters.	  Sanchis	  et	  al.	  demonstrated	  a	  high	  performance	  waveguide	  crossing	  using	  FDTD	  and	  genetic	  algorithm	  [105].	  Particle	  swarm	  optimization	  is	  another	   commonly	   used	   evolutionary	   computing	   algorithm,	   which	   was	   first	  inspired	  by	   the	  social	  behavior	  of	   flocks	  of	  birds	  or	  schools	  of	   fishes	   [106],	  and	  has	  been	  applied	  to	  solve	  electromagnetic	  optimization	  problems	  [107].	  	  	  Particle	  swarm	   optimization	   has	   been	   shown	   to	   be	   a	   very	   effective	   technology	   in	  designing	   compact	   and	   high-­‐efficiency	   photonics	   devices,	   e.g.	   Y-­‐junctions	   [11],	  crossings	  [12],	  and	  diffraction	  gratings	  [108-­‐109].	  Here,	  we	  use	  a	  built-­‐in	  particle	  swarm	   optimization	   in	   Lumerical’s	   FDTD	   solutions	   [110]	   to	   optimize	   the	  polarization	   rotator.	   The	   following	   sections	   are	   organized	   as	   follows:	   we	   first	  describe	  the	  optimization	  of	  the	  bi-­‐level	  taper;	  then,	  we	  describe	  the	  optimization	  of	  the	  bent	  taper.	  Lastly,	  we	  combined	  these	  two	  components	  and	  simulated	  the	  performance	  of	  the	  polarization	  rotator	  using	  3D	  FDTD	  simulation.	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5.2	  Design	  of	  a	  bi-­‐level	  TM0-­‐to-­‐TE1	  mode	  converter	  
	  The	  design	  of	  a	  linear	  bi-­‐level	  TM0-­‐to-­‐TE1	  mode	  converter	  has	  been	  discussed	  in	  literature	  [77,	  84].	  	  However,	  the	  lengths	  of	  such	  linear	  bi-­‐level	  tapers	  are	  usually	  around	  a	  hundred	  microns	  or	  even	  longer.	  	  	  
 
Figure	  5.2.	  (a)	  Schematic	  of	  the	  bi-­‐level	  taper	  (top	  view).	  The	  taper	  geometry	  is	  defined	  by	  spline	  interpolation	  of	  W0	  to	  W10.	  (b)	  Simulated	  power	  distribution	  at	  1550	  nm	  wavelength.	  (c)	  Simulated	  PCE.	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Here,	  we	  demonstrated	  for	  the	  first	  time	  that	  by	  utilizing	  a	  nonlinear	  bi-­‐level	  taper,	  the	  length	  of	  the	  bi-­‐level	  taper	  can	  be	  shrunk	  to	  ten	  microns,	  which	  is	  one	  order	  of	  magnitude	  smaller	  than	  the	  previous	  ones.	  As	  shown	  in	  Figure	  5.2(a),	  the	  taper	   length	   is	   first	   set	   to	   be	   9	   µm.	   And	   the	   taper	   is	   then	   digitalized	   to	   10	  segments	  with	  interpolations	  between	  one	  and	  another,	  similar	  to	  the	  published	  techniques	   [11-­‐12].	   Since	   the	   bi-­‐level	   taper	   has	   two	   layers:	   one	   is	   the	   220	   nm	  thick	   un-­‐etched	   waveguide	   (colored	   in	   blue);	   the	   other	   is	   the	   90	   nm	   thick	  partially-­‐etched	  waveguide	  (colored	  in	  yellow),	  we	  have	  22	  unknown	  parameters	  in	   total.	  The	  software	  updated	   the	  population	  (population	  size	  =	  50)	  before	   the	  next	   run	   of	   simulations.	   After	   about	   30	   generations,	   the	   figure	   of	  merit	   (mode	  conversion	  efficiency)	  became	  stable.	  And	   the	  best	   individual	  has	  been	  selected	  out.	  Table	  I	  shows	  the	  values	  of	  the	  parameters	  after	  optimizations.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  I.	  Taper	  width	  in	  nm	  	   W0	   W1	   W2	   W3	   W4	   W5	  Ridge	   500	   413	   401	   457	   518	   554	  Slab	   500	   648	   759	   795	   848	   960	  	  	   W6	   W7	   W8	   W9	   W10	   	  Ridge	   624	   807	   1077	   1248	   1250	   	  Slab	   1096	   1191	   1225	   1237	   1250	   	  	  To	   verify	   the	   performance	   of	   the	   bi-­‐level	   taper,	   we	   performed	   3D	   FDTD	  simulations	   in	   Lumerical.	   The	   refractive	   indices	   of	   Si	   and	   SiO2	   at	   1550	   nm	   are	  3.476	   and	   1.445,	   respectively.	   As	   shown	   in	   Figure	   5.2(b),	   when	  we	   launch	   the	  TM0	  mode	   from	  the	   left-­‐hand	  side,	   the	  TM0	   is	  efficiently	  converted	   into	   the	  TE1	  mode	   at	   the	   right-­‐hand	   side.	   	   As	   shown	   in	   Figure	   5.2(c),	   the	   polarization	  conversion	   efficiency	   (PCE)	   is	   higher	   than	   97%	   over	   the	   bandwidth	   of	   80	   nm	  centered	  at	  1550	  nm.	  It	  worth	  noting	  that,	  if	  we	  change	  the	  length	  of	  the	  bi-­‐level	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taper	   to	   a	   larger	   value,	   e.g.	   12	   µm,	   and	   then	   perform	   the	   particle	   swarm	  optimization,	   the	  polarization	  conversion	  efficiency	  of	  the	  optimum	  geometry	   is	  expected	   to	   increase	   accordingly,	   because	   a	   longer	   length	   will	   contribute	   to	   a	  more	  sufficient	  conversion.	  	  The	  reason	  why	  we	  pick	  up	  the	  length	  of	  the	  bi-­‐level	  taper	  to	  be	  9	  µm	  is	  because	  this	  is	  a	  good	  trade-­‐off	  between	  the	  footprint	  and	  the	  performance.	  	  
	  
5.3	  Design	  of	  a	  TE1-­‐to-­‐TE0	  mode	  converter	  
	  In	  this	  section,	  we	  will	  discuss	  the	  optimization	  of	  a	  TE1-­‐to-­‐TE0	  mode	  converter.	  There	   are	   a	   variety	   of	   TE1-­‐to-­‐TE0	   mode	   conversion	   schemes,	   e.g.	   directional	  couplers	   [111-­‐112],	   multimode	   interferences	   [94],	   microrings	   [36],	   and	  asymmetric	  Mach-­‐Zehnder	   interferometers	   [85].	  However,	  most	  of	   above	  mode	  conversion	  schemes	  are	  sensitive	  to	  fabrications,	  especially	  for	  the	  Mach-­‐Zehnder	  interferometers-­‐based	  ones,	  since	  they	  depend	  on	  the	  exact	  phase-­‐delay	  between	  arms.	   In	   addition,	   some	   of	   above	   mode	   conversion	   schemes	   are	   bandwidth-­‐limited,	  especially	  for	  the	  microring-­‐based	  ones.	  	  Here,	   we	   demonstrate	   for	   the	   first	   time	   a	   wideband,	   fabrication-­‐tolerant,	  compact	   and	   highly	   efficient	   TE1-­‐to-­‐TE0	   mode	   converter	   based	   on	   a	   S-­‐shaped	  ridge	  waveguide.	  The	  schematic	  of	  the	  proposed	  design	  is	  shown	  in	  Figure	  5.3(a).	  The	  initial	  shape	  is	  a	  normal	  S-­‐bend,	  which	  is	  defined	  by	  three	  parameters:	  center	  radius	   R0,	   vertical	   offset	   dy,	   and	   waveguide	   width	   W.	   However,	   in	   order	   to	  perform	  particle	  swarm	  optimization,	  we	  digitalized	  the	  S-­‐bend	  into	  9	  segments	  of	  equal	  angles,	  dθ.	  The	  center	  radius	  R0	  divides	  the	  S-­‐bend	  into	  two	  sides:	  the	  up	  side	   and	   the	   down	   side.	   Therefore,	   we	   have	   two	   sets	   of	   independent	   width	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parameters:	  {Wu1,	  Wu2,	  Wu3,	  …,	  Wu9}	  and	  {Wd1,	  Wd2,	  Wd3,	  …,	  Wd9	  },	  as	  indicated	  in	  Figure	  5.3(a).	  	  	  
 
Figure	  5.3.	  	  (a)	  Schematic	  of	  the	  bent-­‐tapered	  TE1-­‐to-­‐TE0	  mode	  converter	  (top	  view).	  (b)	  Simulated	  power	  distribution	  at	  1550	  nm	  wavelength.	  (c)	  Simulated	  PCE.	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  The	  TE1	  mode	   is	   first	   launched	   into	   the	   left-­‐hand	  port	   (width=1.25	  µm).	  As	  seen	   in	   Figure	   5.3(b),	   the	   two	   anti-­‐phase	   components	   of	   TE1	  mode	   then	   travel	  with	   different	   effective	   lengths	   and	   eventually	   adiabatically	   combine	   to	   be	   the	  TE0	  mode	   at	   the	   right-­‐hand	   side	   end	   (width=0.5	   µm).	   During	   optimization,	  we	  found	  that	  there	  was	  no	  need	  to	  vary	  all	  the	  parameters.	  After	  several	  trials,	  we	  fixed	  the	  vertical	  offset	  dy	  to	  be	  1.2	  µm,	  and	  just	  optimized	  the	  center	  radius	  R0	  as	  well	  as	  the	  waveguide	  width	  sets.	  We	  found	  that	  near	  lossless	  conversion	  (99.5%	  efficiency,	  Figure	  5.3(c))	  can	  be	  achieved	  by	  optimizing	  the	  center	  radius	  and	  the	  last	   two	   segments	   (Wu7,	   Wu8,	   Wd7,	   Wd8),	   while	   other	   parameters	   were	   kept	   at	  their	   initial	   values.	   The	   first	   6	   segments	   were	   kept	   the	   same	   as	   the	  wide	   end,	  which	   has	   a	   width	   of	   1.25	   µm.	   After	   optimization,	   we	   found	   the	   optimum	  R0=8.531	   µm	   and	   the	   length	   of	   bent	   taper	   L=6.3	   µm.	   The	   detailed	   geometric	  parameters	  are	  provided	  in	  Table	  II.	  	   Table	  II.	  Converter	  width	  in	  nm	  Wu1	   Wu2	   Wu3	   Wu4	   Wu5	   Wu6	   Wu7	   Wu8	   Wu9	  625	   625	   625	   625	   625	   625	   616	   426	   250	  Wd1	   Wd2	   Wd3	   Wd4	   Wd5	   Wd6	   Wd7	   Wd8	   Wd9	  625	   625	   625	   625	   625	   625	   695	   635	   250	  	  
5.4	  Performance	  of	  the	  complete	  polarization	  rotator	  
	  The	  behavior	  of	  this	  device,	  which	  was	  formed	  by	  the	  above	  two	  mode	  converters,	  was	   verified	   with	   3-­‐D	   FDTD	   simulation.	   Figure	   5.4(a)	   shows	   the	   mode	   profile	  when	  launching	  the	  TM0	  mode	  at	  the	  left	  port.	  As	  we	  can	  see,	  the	  TM0	  mode	  first	  converts	   into	   the	   TE1	  mode	  when	   passing	   through	   the	   bi-­‐level	   taper,	   and	   then	  converts	   into	   the	  TE0	  mode	  when	  passing	   though	   the	   bent-­‐taper.	   Figure	   5.4(b)	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and	  4(c)	   show	   the	   total	  polarization	  conversion	   loss	  and	   the	  extinction	   ratio	  of	  the	  proposed	  polarization	  rotator,	  respectively.	  The	  polarization	  rotator	  shows	  a	  less	  than	  0.2	  dB	  polarization	  conversion	  loss	  and	  a	  25	  dB	  extinction	  ratio.	  When	  launching	   the	   TE0	   mode	   into	   the	   input	   of	   the	   polarization	   rotator,	   significant	  power	  loss	  occurs	  due	  to	  scattering	  and	  almost	  all	  the	  remaining	  power	  (~	  40%)	  turns	  into	  the	  TE1	  mode	  and	  other	  higher	  order	  modes.	  	  
 
Figure	  5.4.	  (a)	  Simulated	  power	  distribution	  at	  1550	  nm	  wavelength.	  The	  input	  TM0	  mode	  is	  launched	  from	  the	  left	  port,	  and	  the	  TE0	  mode	  comes	  out	  from	  the	  right	  port.	  (b)	  Simulated	  polarization	  conversion	  loss	  (PCL).	  (c)	  Simulated	  extinction	  ratio	  (ER)	  of	  the	  entire	  PR.	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5.5	  Fabrication	  tolerance	  analysis	  
	  To	   investigate	   the	   fabrication	   tolerance,	   three	   key	   geometry	   parameters	   (the	  height	  of	  partially-­‐etched	  slab,	   the	  width	  of	  un-­‐etched	  ridge	  waveguide,	  and	  the	  width	  of	  partially-­‐etched	  slab)	  have	  been	  varied	  within	  +/-­‐	  40	  nm.	  As	  shown	  in	  Figure	   5.5,	   the	   polarization	   conversion	   loss	   does	   not	   experience	   any	   obvious	  degradation	  as	   the	  width	  of	   the	  un-­‐etched	   ridge	  waveguide	  or	   the	  width	  of	   the	  partially-­‐etched	  slab	  change.	  Thus,	  it	  is	  safe	  to	  conclude	  that	  the	  device	  has	  a	  high	  fabrication	  tolerance	  towards	  even	  +/-­‐	  40	  nm	  width	  deviations.	  It	  is	  also	  evident	  that	   this	   device	   is	   relatively	   sensitive	   to	   the	   height	   of	   the	   partially-­‐etched	   slab.	  But	  if	  we	  can	  control	  the	  height	  deviation	  of	  the	  partially-­‐etched	  slab	  within	  +/-­‐	  10	  nm	  (the	  actual	  height	  of	   the	  partially-­‐etched	  slab	  ranges	   from	  80	  nm	  to	  100	  nm),	   the	  polarization	  conversion	   loss	  of	   the	  PR	  will	  not	  exceed	  0.5	  dB,	  which	   is	  quite	  decent.	  Overall,	  this	  device	  is	  fabrication	  insensitive	  and	  could	  be	  fabricated	  using	  optical	  lithography.	  
	  
Figure	  5.5.	  Simulated	  PCL	  at	  1550	  nm	  vs.	  fabrication	  deviation.	  The	  height	  of	  partially-­‐etched	  slab	  is	  colored	  in	  red.	  The	  width	  of	  un-­‐etched	  ridge	  waveguide	  is	  colored	  in	  blue.	  The	  width	  of	  the	  partially-­‐etched	  slab	  is	  colored	  in	  green.	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CHAPTER	  6	  
SUMMARY,	  CONCLUSIONS	  AND	  OUTLOOK	  	  
	  In	   this	   thesis,	   various	   polarization-­‐diversity	   devices	   have	   been	   proposed	   on	   a	  silicon-­‐on-­‐insulator	  platform.	  A	  polarization	   splitter-­‐rotator	  based	  on	   a	  double-­‐etched	  directional	  coupler	  was	  presented	  in	  Chapter	  2.	  The	  proposed	  device	  has	  a	  very	  compact	  footprint	  and	  can	  be	  fabricated	  using	  a	  CMOS	  compatible	  process.	  In	  addition,	  a	  polarization	  splitter-­‐rotator	  based	  on	  a	  bi-­‐level	  mode	  converter	  and	  a	  Mach-­‐Zehnder	  mode	  converter	  was	  shown	  in	  Chapter	  3.	  To	  our	  best	  knowledge,	  this	   is	   the	   first	   polarization	   splitter-­‐rotator	  working	   at	  O	   band	   on	   a	   silicon-­‐on-­‐insulator	   platform.	   The	   device	   was	   also	   patterned	   using	   a	   248	   nm	   deep	   ultra-­‐violet	  lithography	  and	  potentially	  suitable	  for	  massive	  production.	  Furthermore,	  a	   bi-­‐wavelength	   polarization	   splitter-­‐rotator	  was	   proposed	   in	   Chapter	   4.	   For	   a	  very	  long	  time,	  the	  on-­‐chip	  bi-­‐wavelength	  coupling	  could	  only	  be	  achieved	  using	  2D	  grating	  couplers.	  Here,	  we	  demonstrated	  for	  the	  first	  time	  that	  it	  was	  possible	  to	   use	   polarization	   splitter-­‐rotator	   combined	  with	   a	  wideband	   edge	   coupler	   to	  duplex	   light.	  Finally,	   in	  Chapter	  5,	  we	  demonstrated	  an	  ultra-­‐compact	  and	  high-­‐efficiency	   polarization	   rotator,	   which	   was	   optimized	   by	   the	   particle	   swarm	  optimization	   method.	   To	   our	   best	   knowledge,	   this	   is	   the	   first	   time	   that	  evolutionary	  optimization	  method	  had	  been	  used	  to	  fully	  optimize	  the	  geometry	  of	  a	  polarization	  rotator.	  Furthermore,	  devices	  discussed	  in	  chapter	  2	  and	  3	  are	  still	  not	  ideal	  due	  to	  their	  fabrication	  sensitivities.	  We	  would	  suggest	  combining	  a	  directional	  coupler	  with	  a	  polarization	  rotator	  described	  in	  chapter	  5	  to	  achieve	  both	   high	   efficiency	   and	   robustness.	   These	   aforementioned	   works	   have	   been	  published	   [40-­‐42]	   and	   have	   contributed	   significantly	   to	   further	   improving	   the	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